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PREFACE 


The purpose of this book is to fill a need for a text stating in plain, every¬ 
day language, what many people consider a complex technical subject. 
A technical subject need not be complex. Careful filling in of the back¬ 
ground with essential information, and then leading step by step to the 
final explanation, provides a logical methocfof explaining the most diffi¬ 
cult subject. 

It would be impossible to cover in a single book or series of books, the 
immense scope implied in the word electronics. However, an understanding 
of radio circuits serves as a foundation for advanced study in all fields 
of electronics, such as television, radar, computers, etc. For teaching radio, 
the all-important basic tool of electronics, most available textbooks are 
woefully inadequate. One type contains information so brief as to acquaint 
rather than instruct. Another type is based on the premise that teaching 
a student to design a circuit is the best method of having him understand 
that circuit’s operation. 

Basic Radio represents the neglected middle ground. It is a course in radio 
communications, as distinct from a general course in electronics. The text 
deals with the circuitry and techniques used for the transmission and 
reception of intelligence via radio energy. Assuming no prior knowledge 
of electricity or electronics, the six volumes of this course “begin at the 
beginning” and carry the reader in logical steps through a study of elec¬ 
tricity and electronics as required for a clear understanding of radio 
receivers and transmitters. Illustrations are used on every page to rein¬ 
force the highlights of that page. All examples given are based on actual 
or typical circuitry to make the course as practical and realistic as possible. 
Most important, the text provides a solid foundation upon which the 
reader can build his further, more advanced knowledge of electronics. 

The sequence of Basic Radio first establishes a knowledge of d-c elec¬ 
tricity. Upon this is built an understanding of the slightly more involved 
a-c electricity. Equipped with this information the reader is ready to study 
the operation of electron tubes and electron tube circuits, including power 
supplies, amplifiers, oscillators, etc. Having covered the components of 
electronic circuitry in Volumes 1 through 3, we assemble these components 
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in Volume 4, and develop the complete radio receiver, AM and FM. In 
Volume 5 we recognize the development of the transistor, and devote the 
entire volume to the theory and circuitry of transistor receivers and semi¬ 
conductors. The last volume of the course, Volume 6, covers the long- 
neglected subject of transmitters, antennas, and transmission lines. 

No prior knowledge of algebra, electricity, or any associated subject is 
required for the understanding of this series; it is self-contained. Embrac¬ 
ing a vast amount of information, it cannot be read like a novel, skimming 
through for the high points. Each page contains a carefully selected 
thought or group of thoughts. Readers should'take advantage of this, and 
study each individual page as a separate subject. 

Whenever someone is presented with an award he gives thanks and 
acknowledgement to those "without whose help...” etc. It is no different 
here. The most patient, and long-suffering was my wife Celia, who typed, 
and typed, and typed. To her, the editorial staff of John F. Rider, and 
others in the “background”, my heartfelt thanks and gratitude for their 
assistance and understanding patience. 


MARVIN TEPPER 


Malden, Mass. 
September 1961 
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A-C ELECTRICITY—FUNDAMENTAL MATHEMATICS 


Introduction to AC 

In Volume 1, we covered the subject of d-c electricity. In d-c circuits, the 
polarity of the voltage source remained constant, as did the difference of po¬ 
tential, or voltage. Under these conditions, electron flow was always in one 
direction, from minus to plus, and of constant quantity. In alternating cur¬ 
rent (a-c) electricity, we have a condition where the polarity of the voltage 
source is constantly changing. What was the positive terminal at one instant 
becomes the negative terminal some time later; what was the negative termi¬ 
nal at one instant becomes the positive terminal some time later. As a re¬ 
sult of the constantly changing polarity of the voltage source, the direction of 
electron flow in the circuit also keeps reversing. In addition to reversing 
direction, current in an a-c circuit will also keep varying in quantity —from 
zero to maximum in one direction and back to zero, and from zero to maxi¬ 
mum in the opposite direction and then back to zero. Thus, the alternating 
voltage will cause an alternating current. 


D-C 

Source 





IN A D-C CIRCUIT, 
CURRENT FLOWS ! 
CONSTANTLY IN 
ONE DIRECTION. 


IN AN A-C CIRCUIT, 
CURRENT FLOWS FIRST 
IN ONE DIRECTION-.. 


_AND THEN IN THE 

OPPOSITE DIRECTION. 



A-c electricity is not "better" than d-c; it is another type of electricity that 
has certain advantages. With a-c we can use transformers which enable us 
to transform a-c voltage to as high or as low a voltage as we wish. This 
permits efficient distribution of electrical power. In addition, there are 
many kinds of electrical components and devices that can do certain "jobs" 
in a-c circuits that cannot be done in a d-c circuit. An important point to 
remember is that a-c does not replace d-c. 

A-c makes possible radio communication. However, most of the circuits in 
a-c communications equipment are controlled by d-c voltages. Because a-c 
involves constantly changing voltages and currents, we must give a little 
more thought to them. Thus, we begin our study of a-c with some fundamen¬ 
tal mathematics which will help us in this study. 
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A-C ELECTRICITY—FUNDAMENTAL MATHEMATICS 


The Circle—Angular Rotation 

The circle is a simple figure, and yet it represents an important considera¬ 
tion in our study of a-c electricity. Let us review it briefly. The constantly 
curving line that forms the circle is called the circumference. If we draw a 
straight line from the center of a circle to any point on the circumference, 
that line is called a radius. Any line drawn through the center of the circle 
and dividing the circle in half is called the diameter. Looking further into 
the circle, we find that the circle is divided into degrees; let us see how they 
are formed. 


A Circle Contains 360' 


BASIC COMPONENTS 
Of THE CIRCLE 

\ * 

__ -diameter 360 

An Angle is formed bv drawing /^\b two radii in -/ew\ a circle 



1° represents 
of a circle. 


/ 




Radii OB and OA must Moving OB closer to OA Moving OB farther from 
meet at O and form makes angle OA makes angleO (BOA) 

angle 9 0 (BOA) smaller. larger* 

A - Xrf^fo D ^==5n E 

R \o° 





0° rotation 


90° rotation 


180° rotation 


[Line R rotates a complete revolution, or 360 



270° rotation 


From the center of the circle, we draw a radius to the circumference and 
call that line OA. We will keep this line in this position and use it as a refer¬ 
ence line. We now draw a second radius, OB. The position of OB to OA 
forms an angle. We refer to this angle as angle BOA, with point O being the 
vertex or origin of lines OA and OB. If we move line OB closer to OA, the 
angle thus formed becomes smaller; if OB is moved farther away from OA, 
the angle becomes larger. If line OB is rotated farther and farther away 
from our reference line OA, it will spin past the entire circumference and 
end up overlapping line OA.. The entire rotation of a radius from one point on 
the circumference, all around the circumference, and back to the starting 
point, covers 360°. Thus, if line R started at position OA and rotated until 
it pointed straight up on the page, it would have rotated 90°, and we would say 
that it formed a 90° angle with line OA. If we keep rotating the radius 90° 
more, line R would now form a .diameter together with OA, and we call this a 
straight angle, or 180°. As line R now moves downward to the bottom of the 
page, it has gone through 90° more, or a total of 270°. Finally, we rotate it 
90 more until it reaches its starting point. In one complete rotation, line 
OB has moved through 360°. The angle formed by the rotating line R with 
respect to line OA is given the name "theta,” after the Greek letter (0). 



A-C ELECTRICITY—FUNDAMENTAL MATHEMATICS 


2-3 


The Right Triangle 

The right triangle is a special triangle in that one of its three angles is a 
right (90°) angle. The number of degrees included In the three angles of any 
triangle is 180. Thus, since one of the angles of a right triangle is equal to 
90°, the sum of the remaining two angles must be 90°. In studying the right 
triangle, we assign a particular group of names to the various sides and an¬ 
gles. The side that lies horizontal to the page is called the base (b), the ver¬ 
tical side is called the altitude (a), and the side opposite the right angle is 
called the hypotenuse . The length of these sides has a particular relation¬ 
ship—the square of the length of the hypotenuse is equal to the sum of the 
squares of the lengths of the other two sides (c^ = a^ + b2). Also, the length 
of the hypotenuse is greater than the length of either of the other sides but is 
less than their sum. 



Hypotenuse 

(side opposite right angle) 

Angle formed by 
hypotenuse and 
base often referred 
to as THETA 



b (base) 


RIGHT TRIANGLE RELATIONSHIPS 

side opposite _ a 
hypotenuse c 

side adjacent b 


Sine of 0 


Cosine of Q — 


hypotenuse c 


Angle A + Angle B + 
Angle C equals 180° 


right angle (90°) 


Side c z = Side z L + Side b 2 


2 « Side a 2 
ir c 2 =a 2 + b 2 




Sine 0= ^ 

il 

Cosine 0 — 

© 

Tangent0=— 

3 


+ b* 


52—42 4. 32 

25 = 16 + 9 
25 = 25 



The angle formed by the base and hypotenuse is often referred to as the angle 
theta (0). With regard to this angle, we will often refer to the side opposite 
angle 0, the side adjacent to angle 0, and the hypotenuse. These relation¬ 
ships are referred to as the sine, cosine, and tangent of angle 0. The sine 
of this angle is equal to the side opposite divided by the hypotenuse; the tan¬ 
gent of 0 is equal to the side opposite divided by the side adjacent. In rotating 
from 0° to 90°, the sine of 6 will vary from a value of 0 to 1; the cosine of 0 
will vary from 1 down to 0; and the tangent of 0 will vary from 0 to infinity. 
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Vectors 

Some things or situations can be expressed by a single number, (e.g., the 
population of a town, the number of feet in a mile, or the number of chairs 
in a room). Anything which can be described fully by a single number is 
called a scalar quantity . There are, however, many situations or actions 
that cannot be described in this manner. For example, the movement of a 
jet plane. To say that it is flying at 600 miles an hour is hot sufficient--the 
direction in which it is going also must be stated. If we de sire to identify the 
force being applied to an object, it is not sufficient to say it has a force of 
100 pounds. Is the force being applied upward or downward, to the right or 
to the left? Both magnitude (amount) and direction must be stated. Any situa¬ 
tion or action that requires mention of both magnitude! and direction to de¬ 
scribe it is called a vector quantity. Alternating voltage arid current and re¬ 
lated phenomena are vector quantities. 



A Two vectors 0A and OB 

having the same origin, 
but pointing in 
different directions 

« B 


urmnDC nrcrmncliS 


VECTORS DESCRIBE« 
! BOTH MAGNITUDE ■ 
1 AND DIRECTION HI 


Divisional markings 
on vector are calibrations 
of units of magnitude 


A vector is a straight, or directed line with an arrowhead at one end. This 
is the head end; the other end is the origin or the tail of the vector. The length 
of the vector identified in any suitable units indicates the magnitude of the 
quantity, whereas the direction in which the arrowhead points is the direction 
of the quantity. Letters assigned to the head and to the tail of the vector rea¬ 
dily identify the vectors, such as OA, OB, AB, CD, etc. 
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Multiple Vectors 

Assume two like teams of men pulling on an object as in (A). One team ex¬ 
erts a pull of 1000 pounds in one direction while the other team is exerting a 
similar pull of 1000 pounds in the opposite direction. The situation can be il¬ 
lustrated by two vectors OA and OB of equal length (equal magnitude of force) 
directed in opposite directions. One pull cancels the other, hence, the net 
force acting on the object is zero. 


m 


Two Veetots Acting in Opposite P'neclions 


Vector shows Vector shows 

pull pull 

1000 POUND PULL 

r=£> 



in this 
direction. 


in this 
direction. 


Equal vectors 
A O B 

<■ ■ . I ""—f--l- O I f. ) ■ > 

calibrated in 
arbitrary divisions 
to show lOQO-lb 
pull in each direction. 


Equal vectors 
A O B 

«---> 

without ~ 

calibration 
markings. 


(B) 


The pull toward the Seft 


**- f~ ' 

exceeds the 
pull toward the right. 


(C) 

The pull toward the right 

C3? -► 

exceeds the pull 
toward the left. 


(D) 


4 units 


4 units 


«r- l - ll( ill— 
B o;A o 


Unequal vectors 

A OB 

^—I—-|—t- i .. I—> 

calibrated in arbitrary 
divisions. Vector OA 
is longer than vector OB. 


R 0 

«-- 

Resultant OR is in 

direction of OA and 
is equal to OA 
minus OB lbs. 


Unequal vectors 


AO B 

<r*4-+ . - .H —t—I —> = 


O R 

•-» 

Resultant OR is in 
direction of OB and is 
equal to OB minus OA lbs 


8 units 


<-+■. t . i +■ I. i -- i 

Resultant Force 


Vectors Acting in the Some 
Direction Combine to Produce 
o Force Equal to Their Sum 


If vector OB is shorter than vector OA as in (B), it means that the amount of 
force applied in one direction (vector OA) exceeds the amount of force applied 
in the other direction (vector OB). The net force is established by subtract¬ 
ing vector OB from OA. The resultant force (OR) acting on the object is in 
the direction of the greater force—vector OA. The same method is used to 
establish the resultant when the greater force is in the direction of OB as in 
(C). The resultant is vector OR in the direction of vector OB. The vector 
subtraction obviously is simple arithmetical subtraction. 

Vectors representing forces acting in the same direction can be added to 
each other, as shown in (D). They are joined head to tail, as shown by the 
tail of OB being joined to the head of OA. The resultant is indicated by the 
sum of the lengths of OA and OB interpreted in whatever units express the 
magnitudes of OA and OB. Again, the vector addition is simple arithmetical 
addition. 
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The Parallelogram 

Forces do not always counteract or aid each other completely. Sometimes, 
they act on the same object in directions which are at right angles to each 
other. This condition can be shown graphically by two vectors, OA and OB, 
having a common origin and forming a right angle. Four positions of the 
vectors are shown in (A) on page 2-7. Each of the vectors in the presenta¬ 
tion is referred to as a component vector. Also, one of them is selected as 
the reference vector, usually the one which is positioned horizontally. Vec¬ 
tor OB typifies this. 


Two forces acting at right angles to each other produce a resultant force 
which also has magnitude and direction. It is established in a particular way 
known as the parallelogram method. The parallelogram is formed by using 
the vectors OA and OB as adjacent sides and adding two new sides, BC and 
AC, shown by the dotted lines in the figures shown in (B). Side BC is paral¬ 
lel and equal to side OA, and side AC is parallel and equal to side OB. The 
diagonal drawn between the origin (point O) of the component vectors and the 
opposite comer of the parallelogram is the resultant. If the resultant is cal¬ 
ibrated in the same units that are used for the two component vectors OA and 
OB, the magnitude of the resultant can be interpreted directly from the 
length of the resultant OC. 

As can be seen, the resultant has a direction of action which differs from 
that of the two component vectors OA and OB. The original right angle (90°) 
relationship between OA and the reference vector OB is modified, and the 
resultant now has an angular relationship COB relative to the direction of 
vector OB. 

The magnitude of the resultant is a function of the relative magnitudes of the 
two components. When the two components have equal magnitudes (equal 
length), the resultant is the smallest possible, but even then it is greater 
than either of the components but not equal to their sum. When one compon¬ 
ent vector exceeds the other, the resultant is always greater than the larger 
of the two components. Examples are given in (C) on page 2-7. 

As to the direction of the resultant OC, it too is a function of the relative 
magnitudes of the two component vectors. When the component vectors are 
equal length, the direction of the resultant is mid-way between the direc¬ 
tions of the individual components. These are 90° apart; the resultant is 
always at 45° see the first example in (C) . When the vertically directed 
component (in these examples it is OA) is greater in magnitude than the hori¬ 
zontally-directed component OB as shown in (C), examples 2 and 4 , the re¬ 
sultant has a direction which is closer to the vertically directed component, 
and the angle COB exceeds 45°. When the situation is reversed and the hori¬ 
zontally directed component vector OB is the larger of the two components 
(C), example 3 the resultant is directed more in the direction of the larger 
component. As can be seen, the angle COB is then less than 45°. As long 
as the two component vectors are present, the angle COB will never be 0°, 
nor will it ever be 90° — its angle will always have some value in between 
these limits. ' 



THE RESULTANT ALWAYS IS LARGER THAN 
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GENERATING AN ALTERNATING VOLTAGE 


Generating a Voltage in a Moving Conductor 


There are several ways of generating an a-c voltage. The basic method is to 
induce an emf in a conductor by moving it across the lines of force of a sta¬ 
tionary magnetic field, as we discussed in Volume 1. We will now consider 
thia a little more closely. When a conductor is moved, the free electrons it 
contains move with it regardless of which direction the conductor moves. 
Every moving electron is encircled by magnetic loops of force, and these 
loops always position themselves at right angles, or perpendicular to the 
direction of the moving negative charge. When a conductor moves down¬ 
ward, the electrons it contains move downward with it. Thus, the magnetic 
loops encircling the electrons are perpendicular to the downward motion, or 
in a horizontal plane. Applying the left-hand rule to the motion of the elec¬ 
trons, the magnetic loops will rotate counterclockwise around the electrons 
(viewing the electrons from the top down). When a conductor moves upward, 
the reverse occurs. 


GENERATING A VOLTAGE BY PASSING 
A CONDUCTOR THROUGH A MAGNETIC FIELD 


moving 
electrons 
encircled by 
magnetic 
loops 


•motion of f 



conductor 


conductor moves 
downward through 
magnetic field 


surplus of 

negative 

charges 



deficiency of 
negative 
charges 


strengthened region 


conductor moves 
downward into page 



weakened region' 


l- 


free electrons 
urged in this direction 


. and a difference of 
potential is generated between 
the ends of the conductor 

direction of 

^stationary magnetic field 
Interaction of magnetic 
fields produces directed 
electron motion. 


When a conductor cuts through a stationary magnetic field, there is inter¬ 
action between this field and the magnetic loops encircling the moving elec¬ 
trons. This interaction produces a resultant magnetic field around the free 
electrons, which in turn produces a strengthened and a weakened region on 
opposite sides of the electrons. The strengthened region results from the 
two magnetic fields aiding each other; the weakened region from the two 
magnetic fields opposing each other. The free electrons present are thus 
"urged" from the strengthened region in the direction of the weakened re¬ 
gion, creating an accumulation of free electrons at one end and a corre¬ 
sponding shortage at the other. The area of electron accumulation is called 
the negative end of the conductor; the area of electron shortage is called the 
positive end. Thus, a potential difference is produced between the ends of 
the moving conductor, and the conductor becomes a voltage source. 
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Generating a Voltage in a Moving Conductor (Contd.) 

The polarity of the electromotive force induced in a conductor cutting 
through magnetic lines of force is a function of the relative directions of the 
lines of force of the stationary magnetic field and the direction of motion of 
the conductor. The direction of the stationary field is fixed — from the 
north pole to the south pole. Therefore, the direction of motion of the mov¬ 
ing conductor is the controlling factor in determining polarity. 


Maximum Voltage is Induced in a Conductor When 
It Cits a Maximum Number of Lines of Force Per Unit Time. 



flux lines cut; maximum 
voltage induced. 


less induced voltage. 


It varies with the cutting 
speed and the strength 
of the magnetic field. 


c-e 

Minimum flux lines 
cut; minimum or 
zero voltage induced. 



The amount of voltage that is induced or generated depends on the velocity 
at which the lines of force of the stationary field are cut by the conductor, 
and the strength or flux density of the magnetic field. Assuming the con¬ 
ductor velocity remains constant, the rate at which the stationary flux lines 
are cut then will depend on the angle at which the conductor cuts through the 
flux lines. Minimum or zero voltage is induced when the conductor moves 
parallel to the lines of force. Maximum voltage is induced when the conduc¬ 
tor cuts the lines of force at right angles, or 90°. This is the greatest pos¬ 
sible cutting angle, and the angle at which maximum flux lines are cut per 
unit time. Between these two points, an intermediate amount of voltage is 
induced. 
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GENERATING AN ALTERNATING VOLTAGE 


The Basic A-C Generator 

The basic generator of alternating voltage is a pivoted-loop armature having 
two coil sides, A-B and C-D, which rotate between the two pole pieces of a 
horseshoe magnet with uniform velocity and through a uniform stationary 
magnetic field. The rotating motion causes the coil sides to cut the flux 
lines of the stationary field. Because the voltage generated in the two sides 
of the rotating loop is equal (though opposite in polarity), we can examine the 
process of voltage generation by considering one coil side only. Eor this 
purpose, we select the side C-D and use its slip-ring as the voltage refer¬ 
ence. 


BASIC A-C GENERATOR 


AS ARMATURE COIL ROTATES 
BETWEEN MAGNETIC POLES, 
A-C VOLTAGE IS GENERATED 
BETWEEN SLIP RINGS. BRUSHES 
MAINTAIN CONTACT ON RINGS 
AND CARRY CURRENT TO 
AND FROM LOAD. 


slip rings 



Assume that the action begins with side C-D momentarily positioned at A. 
At this moment, the coil side is moving parallel to the flux lines of the sta¬ 
tionary field. Thus, the angle of cutting of the flux lines is zero (or the rate 
of cutting of the flux lines is zero); hence, the voltage induced in the coil side 
is zero. As rotation continues* the coil side moves upward and passes 
through progressively increasing angles of rotation, as shown by points B, 
C, D, E, F, and G, which correspond to 15°, 30°, 45°, 60°, 75°, and 90°. 
In doing so, the angle of cutting of the flux lines by the rotating coil side in¬ 
creases from 0° at A to a maximum of 90° at G; therefore, the rate of cutting 
of flux lines increases and the output voltage increases. Maximum output 
voltage is developed at G, or when the angle of cutting is 90°, thus complet¬ 
ing one-quarter turn. A plot of the output voltage in steps of 15° of angular 
time between 0° (A) and 90° (G) is shown. 

As the coil side continues rotating, it inscribes increasing angles of rota¬ 
tion; 105° (H), 120° (I), 135° (J), 150° (K), 165° (L), and 180° (M), but the 
angle and the rate of cutting of the flux lines decreases progressively from 
G to M. And so does the voltage output, reaching zero at M. Here, the coil 
side again is moving parallel to the flux lines. Note that the amount of de¬ 
crease in voltage for each 15° change in angular rotation between 90° and 
180° (G to M) is exactly the same as the amount of increase in voltage be¬ 
tween 0° and 90° (A to G). Note also that the output voltage remains positive 
while the coil side is completing the half turn from 0° to 180° of angular 
time, the reason being that the motion of the coil side through the flux lines 
(past the Npole) continues throughout, except at the angles of 0 °(A) and 180 ° (M). 




GENERATING AN ALTERNATING VOLTAGE 
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The Basic A-C Generator (Cont’d) 

As the coil side moves past the 180° point, the angle of rotation continues to 
increase, as does the angle at which the conductor cuts the field. The con¬ 
ductor now is moving downward past the S pole. The direction of electron flow 
in the conductor is the opposite of before and the induced voltage is negative. 


END VIEW OF 
ARMATURE COIL 
SIDE CD AS IT 
ROTATES IN FIXED 
MAGNETIC FIELD 


VOLTAGE GENERATED BY 
CONDUCTOR ROTATED ONE 
FULL CYCLE IN FIXED 
MAGNETIC FIELD 



Now we show the voltage below the zero voltage reference line. The output 
voltage has been reversed because of the change in the relative direction of 
the moving conductor and the stationary flux lines. The change in output vol¬ 
tage of negative polarity for angular steps of 15° between 180° (M) and 270° 
(S) is exactly t he same as the voltage between 0° (A) and 90° (G) of positive 
polarity. That is, the 90° (G) and 270° (S) points are maximum voltage points 
of opposite polarity. Further movement of the coil side from the 270° (S) 
position to the 360° (Y) position results in a fall in voltage from maximum 
negative to zero. The angular rotation increases but the rate of cutting of the 
flux lines decreases from the maximum at the 270° (S) point to 0 at the mom¬ 
ent of 360° (Y) of rotation. The coil has completed one full turn. It corres¬ 
ponds to 360° of rotation and is the equivalent of 1 cycle of the output voltage. 
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The Cycle—Frequency 

When the armature in the basic a-c generator completes one full turn (360°) 
of rotation, it has generated one cycle of voltage. The voltage has gone from 
a starting value of zero, risen to a maximum positive value, fallen back to 
zero, risen to a maximum negative value, and fallen back to zero. A cycle 
refers to a complete chain or sequence of events. A cycle of voltage applied 
to a resistance load will cause a similar cycle of current to flow in a circuit. 
The cycle of current will go through the same fluctuation as the cycle of volt¬ 
age. When all the voltage or current values are joined together, they form a 
’’picture” or pattern called a waveform. 



The number of complete cycles that occur in one second is called the fre¬ 
quency of the waveform. When a voltage or current waveform passes through 
60 cps, it is called a 60-cycle frequency. Each half-cycle is called an alter - 
nation; each complete cycle thus contains two alternations—a positive and a 
negative. Since a 60-cycle frequency represents 60 complete cycles per sec¬ 
ond, the time duration of each cycle is 1/60 of a second. In high frequencies 
such as 1 megacycle (1,000,000 cycles per second), the time duration of each 
cycle is 1/1, 000, 000 of a second. The faster our basic generator rotates, 
the more cycles per second will be generated, and the higher will be the out¬ 
put frequency. The strength of the magnetic field will determine the strength 
or amplitude of the output waveform, but not its frequency. 




THE SINE WAVEFORM 
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The Sine Waveform—Voltage and Current 

The sine or sinusoidal waveform is a pattern of instantaneous changes in the 
value of an alternating voltage or current. The word ’’sine'’ is taken from 
the sine table (see Appendix) used in mathematics because the amplitude of 
the sine wave varies from zero to maximum in the same manner as the val¬ 
ues in the sine table. When we refer to a waveform as a sine wave, it indi¬ 
cates that we are considering only a single frequency. When various sine 
waves of different frequencies are combined, they form a complex waveform 
which is not a sine wave. 


The Sine Waveform 




An important characteristic of the sine waveform is that the positive and 
negative half-cycle are mirror images of each other. The rate of rise and 
fall of both alternations is identical: At 0°, we see that the value of the sine 
wave (voltage or current) is zero. At 30° along the zero time axis the sine 
waveform value has climbed to 0. 5, or half its maximum value At 45 the 
sine wave is at 0. 707 of its- maximum value, and at 60 a value of 0. 87 of 
maximum is reached. Finally, at 90° or one quarter of the entire cycle, the 
maximum value of the sine wave is reached. In going from 90 to the ha 
way point at 180°, the sine wave decreases in value in a manner opposite 
from the way it increased going from 0° to 90°* The second half-cycle, f o 
180 ° to 360°, has identical rise and fall values to those of the first ha -eyee 
except that they are in the opposite direction. Actually, a ^7® * al 
of many more values than are shown. There are an infinite number of val 
nes Sd the sine wave is a picture of all their instantaneous values joined 

together in time. 
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THE SINE WAVEFORM 


Instantaneous and Peak Values of A-C Voltage and Current 

The continually changing values of alternating voltage and current necessitate 
the use of special terminology to express the amount of the voltage and the 
current. The instantaneous value of an a-c voltage or current is that va.lue 
which exists at any specific instant of time. It can have any amplitude be¬ 
tween 0 and maximum, and can be of a positive or a negative polarity. When 
an instantaneous value is indicated, small letter "e" is used to express vol¬ 
tage and small letter M i”to express current. For example, the instantaneous 
value of a sine waveform voltage at 45° is stated as e = 28. 3 volts. Sim¬ 
ilarly, the instantaneous value of a sine waveform current at 345 might be 
stated as i = 0. 259 ampere. Reference to an instantaneous value must be 
accompanied by identification of its time in the cycle , because the value of a 
sine wave changes constantly. An a-c voltage at 33° is different from an a-c 
voltage at 34°, and is still different at 34. 5°. 
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The peak value of an alternating voltage or current is the highest value 
reachecTby the quantity during a cycle. Maximum and peak value have the 
same meaning. A peak amplitude of 10 volts means the same as a maximum 
amplitude of 10 volts. This holds true for any type of waveform . Of course, 
the'polarlty may also be referred to, such as peak-positive or peak-negative 
value In the sine waveform, the positive-and negative-peak values are 
always alike; this is not so for voltage or current waveforms which are not 
of sine waveform variation. The peak-to-peak value (sometime abbreviated 
n-p) is simply the sum of the positive-peak and negative-peak values, re¬ 
gardless of the' waveforfn. A voltage that has a 10-volt peak-positive value 
and a 10-volt peak-negative value has a 20 volt (10 +10) peak-to-peak value. 
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Average Value of a Sine Waveform Voltage or Current 

If we add all the instantaneous values of the positive half-cycle and the fol¬ 
lowing negative half-cycle of a sine waveform, and then find the average of 
these values, we find it to be zero. The reason for this is that the two adja¬ 
cent half-cycle are of opposite polarity (one being plus and the other minus) 
and, when we add a plus quantity to a minus quantity of equal value, the re¬ 
sult is zero. So a general statement can be made—the average value of a 
cycle of a sine waveform is zero. 



A different situation prevails if we think in terms of a half-cycle, either pos¬ 
itive or negative. Imagine that the peak value of a sine waveform voltage or 
current is 1 volt or 1 ampere. If we add up the instantaneous values of volt¬ 
age or current prevailing at each 5° of the cycle, the total is 22.90. Since 
the half-cycle waveform is made up of 36 instantaneous values, then 
22.9/36 gives us an answer of 0.636 volt or ampere. Therefore, 0.636 is 
the average value of a half-cycle of a sine waveform voltage or current when 
the peak value is 1 volt or 1 ampere. We say then, that the average value of 
a sine wave is 0. 636 of its maximum value. 

Eav = 0. 636 x E ma x> or lav = 0- 636 x I max 

Knowing the average value of a sine wave, we can calculate the peak or max¬ 
imum value. It is the average value multiplied by 1. 57 or 

Emax = 57 x E av> °r W = 1* 57 xl av 

For instance, if the average value of a sine waveform voltage is 140 volts, 
the maximum (or peak) value is E max = 1. 57 x 140 = 219. 8 volts. 
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THE SINE WAVEFORM 


The Effective or RMS Value of a Sine Wave 

You have learned that when direct current flows through a resistance, the 
amount of heat developed is proportional to I 2 , or the square of the current. 
When alternating current flows through a resistor, the he at developed is pro¬ 
portional to th e square of the instantaneous value s of current. We can see 
why this is so. Alternating current changes constantly in value—it changes 
every instant. First, it rises from zero to a maximum value and then, it 
falls back to zero. Following this, it rises to a maximum in the opposite di¬ 
rection in a circuit and then, it again falls back to zero. Because of this con¬ 
stant variation, we must find a value that will be equivalent to some value in 
direct current. This equivalent value is called the effective value, because 
the effective v alu e of an a-c sine wave tells us that that value of alternating 
current will do as much work as the same value of direct current. Unless 
we have an effective value, it would be difficult to discuss a-c voltages and 
currents in comparison to d-c voltages and currents. 


The effective value of a sine wave is obtained as follows: First, we take a 
large number of instantaneous values of a sine wave and square each one. 
Then, we add up all the squared instantaneous values and divide this total by 
the number of values used. This gives us the average or mean square. Fi¬ 
nally, we take the square root of the mean square , which gives us the root 
mean square, or rms value. This rms value is very important, because the 
rms value of an a-c sine wave indicates that a specific voltage or current 
will do as much work as the same value of d-c. 



ROOT MEAN SQUARE ( EFFECTIVE VALUE) OF 
SINE WAVE EQUALS 0707 OF MAXIMUM VALUE 
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The Meaning of Effective Value 
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When we plug a soldering iron into a 120-volt a-c source, it will reach a cer¬ 
tain temperature, depending upon its wattage rating. If we plug this same 
soldering iron into a 120-volt d-c source, it will arrive at the same temper¬ 
ature. This is because the 120 volts a-c is the effective value of the a-c 
waveform. Its peak value is much higher than 120 volts, and for much of 
each alternation its instantaneous values are less than 120 volts. Actually, 
the effective value of a sine wave is 0. 707 of its maximum value. An alter¬ 
nating voltage with a peak or maximum value of 1 volt will have an effective 
value of 1 x .707 volt, and it will produce the sa'me heat in a given re¬ 
sistor as . 707 volt d-c. 


There are two simple formulas that can be used: One, to find-the effective 
value of a sine wave knowing its maximum value; the other, to find the peak 
value knowing the effective value. 


Effective Value = Maximum Value x 0. 707 
Maximum Value = Effective Value x 1.414 


At the ordinary 120-volt 60-cycle house outlet, the peak value is: 

E max = 120 x 414 = 169 - 68 volts - 

If an a-c current has a peak value of 5 amperes, the rms value would be: 

I e ff = 5 x . 707 = 3.535 amperes 

As another example, if the effective value of a current is 180 milliamperes, 
and the effective value of a voltage is 690 millivolts, their peak values are: 


Imax = 180 x 1- 414 = 254. 5 milliamperes 
. 18 x 1.414 = . 2545 amperes 


Emax = 690 x 1. 414 = 975. 7 millivolts 
or . 69 x 1. 414 =. 9757 volts 

Whenever an a-c voltage or current is stated, it always is taken to mean the 
effective or rms value, unless otherwise indicated. The usual a-c voltmeters 
and ammeters are calibrated to read rms values. 
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THE SINE WAVEFORM 


Rate of Change 



rate of ch 


A SINE WAVE DOES NOT HAVE UNIFORM RATE OF CHANGE. 
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IN FIRST 30°, sine wave rises 50%, or to half of maximum value — RISE OF 0.50. 
IN LAST 30°, sine wave goes from 0.86 to 1, or maximum value — RISE OF 0.14. 


Related to the behavior of alternating current and voltage is a mathematical 
term known as rate of change. It refers to the relative change in value of an 
a-c voltage or current in a unit-period of time. For example, if a current 
(or voltage) changes a great deal in value in a given small interval of time, 
its rate of change is high ; if its value changes only a little in the same period 
of time, its rate of change is low. If an alternating current (or voltage) 
waveform is plotted on a graph, the slope or steepness of the waveform as it 
increases or decreases at any point on the graph, relative to the horizontal 
axis or time scale, is an indication of the relative rate of change. From 
this, it is evident that the higher the frequency of a voltage or current, the 
faster the rate of change. 



The rate of change of a sine waveform quantity is maximum at the instant 
that the current (or voltage) is passing through zero in both the positive and 
negative-polarity directions. It is minimum (zero) at the moment when the 
waveform is passing through its maximum amplitude. At this instant, the 
quantity is neither decreasing nor increasing. Thus, the maximum rate of 
change occurs at 0°, 180°, and 360°; the minimum rate of change occurs at 
90° and 270°. 
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he Concept of Phase (In Phase) 

Phase,” sometimes referred to as ’’phase displacement,” ’’phase differ - 
nce”, or ’’phase relation, ” is a concept of a time relationship between two 
Iternating quantities—voltage, currents, or a current and a voltage. By 
Lme relationship in a-c, we mean the extent to which the two quantities re¬ 
gain in step or go out of step as their amplitudes change in value. In a d-c 
ircuit, a change in current keeps in step (phase) with a change in voltage; 
his is not necessarily the case in a-c circuits. Circuit components other 
ban resistance cause changes in phase. When the voltage and current 
hanges keep in step with each other, they are said to be in phase. This al¬ 
ways takes place in a resistive circuit, since voltage and current in a resist¬ 
ance are in phase. 
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VECTORIALLY, IN-PHASE VOLTAGES & CURRENTS CAN BE SHOWN 
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_ TWO VOLTAGES 
or TWO CURRENTS 


Imagine two identical generators that start functioning at the same instant, 
with their armatures revolving at the same speed. Each will generate a sine 
waveform voltage in which zero and maximum amplitudes occur together, and 
where their relative intermediate values will occur at the same time. We 
describe such behavior of two generators as being in step, or in phase , and 
producing two voltages which are in phase. Another way of stating this is to 
say that the two voltages have 0° phase difference, or that the phase angle 
of voltage A relative to voltage B (or vice versa) is 0°. When considering 
the phase relation between two quantities, a suitable point of reference is the 
instant when the two quantities pass through zero amplitude in the same di- 
rection. When shown as vectors, the in-phase quantities have a common 
origin and lie along the same plane, each vector head having its own identity. 
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PHASE 


Concept of Phase (Lead and Lag) 

Out of phase is a broad expression which indicates that the identical ampli¬ 
tude variations of the waveforms do not occur at the same time. Like two 
runners (A and B) who are racing, A can arrive at a selected point ahead of 
B, or lead B, which automatically places B behind A, or lagging A. In elec¬ 
trical considerations, the point of reference is the instant when the two wave¬ 
forms being compared pass through zero amplitude in the same direction . 
Whichever quantity passes through this point first is leading the other. 

Out-of-phase conditions are expressed in electrical degrees, because this 
manner of expression is much more convenient than referring to a fractional 
part of a cycle. It is preferable to say a 90° phase difference than 1/4 cycle; 
using the term 45° phase difference is preferable to 1/8 cycle. 

If you examine (1) below, you will note that voltage A passes through zero 
going in the positive direction one-quarter of a cycle, or 90° before voltage 
B. In (2), the two voltages (A and B) have a phase difference of only 45 
with A leading B, which is the same as B lagging A by this amount. In (3), 
current I is leading voltage E by one-quarter of a cycle, or 90°, or E is lag¬ 
ging I by 90°. In (4), voltages A and B are 180° out of phase . They pass 
through maximum and zero points at the same time but in opposite directions. 


Vectorial 

Presentation 
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time 


A and B are 90 ° 
out of phase. 
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A and B are 180 ° out of phase. 
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Any line drawn through the center of a circle which divides the circle in half 
is called the diameter. 

The constantly curving line that forms a circle is called the circumference. 

The three sides of a right triangle are: the base (horizontal side);the altitude 
(vertical side); and the hypotenuse (side opposite the right angle). 

In a right triangle, the angle formed by the base and the hypotenuse is re¬ 
ferred to as the angle theta (0). 

In a right triangle, the square of the hypotenuse is equal to the sum of the 
squares of the other two sides (C^ = A^ + B^). 

A vector relationship is used to describe any situation or action that involves 
both magnitude and direction. 

The basic method of inducing an emf in a conductor is to move it across 
the lines of force of a stationary magnetic field. 

Maximum voltage is induced in a conductor when the conductor cuts the mag¬ 
netic lines of force at right angles, or 90°. 

The basic a-c generator is a pivoted-loop armature having two coil sides 
which rotate between magnetic poles with uniform velocity and through 
a uniform stationary magnetic field. • 

A cycle is one complete series of changes in an a-c current or voltage. 
Frequency is the number of cycles which occur in one second. 

The sine waveform is a pattern of instantaneous changes in the value of an 
alternating voltage or current. 

The instantaneous value of an a-c voltage or current is that value which ex¬ 
ists at any specific instant of time. The peak (maximum) value is the 
highest value reached by a quantity during a cycle. 

The average value of a sine wave equals . 636 of its maximum value. 

The root mean square (RMS) or effective value of a sine wave equals . 707 of 
its maximum value. 

The higher the frequency of a voltage or current, the faster the rate of change. 

Phase refers to a time relationship between two alternating quantities'—volt¬ 
ages, currents, or voltages and currents. 

Out of phase broadly indicates that the identical amplitude variations of two 
waveforms do not occur at the same time. 


REVIEW QUESTIONS 


1. What are the three sides of a right triangle? 

2. Explain the parallelogram method and its application to vector analysis. 

3. In a right triangle, what is the angle formed by the base and the hypo¬ 
tenuse referred to as ? 

4. What is the relationship of the three sides of a right triangle to each other? 

5. What is a vector relationship used to describe? 

6. Give three factors which determine the magnitude of an induced emf. 

7. What is the basic method used to induce an emf in a conductor? 

8. Explain the principle of operation of the basic a-c generator. 

9. What is a sine waveform? 

10. Define a cycle. Define frequency . 

11. What is meant by the rms or effective value of a sine wave and what is it 
equal to? What is the average value of a sine wave equal to? 

12. Explain what is meant by rate of change. 



2-22 


MAGNETIC FIELD AROUND A CONDUCTOR 


Magnetic Field around Alternating Current 

Alternating current is encircled by loops of magnetic force that change in 
number instant by instant and periodically change direction. 



Assume a sine waveform current. (Whatever happens during one cycle occurs 
during the others.) When the current is zero, there is no magnetic field 
around the conductor. As current begins to increase, the magnetic field 
builds up in density, reaching maximum value coincident with the maximum 
current point in the positive hali-cycle. The direction of the field is deter¬ 
mined by the left-hand rule. We show the field counterclockwise ; during the 
positive alternation, as the current starts to decrease in value but is still 
in the same direction, the intensity of the magnetic field also decreases. To 
all intents and purposes, the lines of force of the previously higher value of 
current in the vicinity of the conductor fall back into the conductor, i. e. , the 
field collapses, reaching zero intensity when the current reaches zero. At 
this instant, the direction of flow reverses. As the current begins to flow in 
the opposite direction, increasing in value moment by moment, the magnetic 
field starts increasing in intensity—but now it has a direction that is the oppo¬ 
site of what existed before. We show it as having a clockwise direction. 
Maximum field strength is again reached at the peak point of the negative 
half-cycle; then, the magnetic field begins to decrease, again collapsing into 
the conductor, reaching zero at the instant the cycle has been completed. An 
alternating current produces a constantly changing magnetic field around the 
conductor in which it is flowing. 



SELF-INDUCED EMF 


2-23 


Self-Induction of EMF 

You have learned that relative motion between a magnetic field and a conduc¬ 
tor will induce an emf in a conductor. In the examples shown so far, the 
moving or changing magnetic field was produced by one component (a magnet), 
and the conductor in which the emf was induced represented another component. 



Self-induction of emf involves a changing current, a changing magnetic field, 
and a conductor; but now, the path of the current, the place of origin of the 
magnetic field, and the conductor in which it induces a voltage are one and 
the same. This is why we call the emf that is produced a self-induced emf. 
To visualize the action, think of it this way. An increasing current creates 
an increasingly intense magnetic field. The magnetic field originates at the 
free electrons inside the wire. As the field increases and expands from in¬ 
side the wire to outside the wire, it must first move through the wire. It is 
during the time that the expanding" magnetic field is cutting the wire that the 
emf of self-induction is generated. 

Now imagine the current to be decreasing. The surrounding field collapses 
into the wire, i. e. , returns to its place of origin, the free electrons. While 
moving back through the conductor to the electrons, the shrinking loops of 
flux cut the conductor and induce an emf—a self-induced emf. In one case, 
the emf of self-induction is generated by lines of force that move outward; 
in the other case, the emf of self-induction is generated bylines of force that 
move inward. If one direction of cutting due to a rising current generates a 
voltage of one polarity, the opposite direction of cutting due to a falling cur¬ 
rent generates an emf of opposite polarity. 
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SELF-INDUCED EMF 


The Action of Self-Induced EMF (Lenz's Law) 

Assume an a-c circuit in which the current is increasing. The self-induced 
emf produced would have a polarity opposite to the applied voltage and, there¬ 
fore, acts in opposition to this voltage and tends to retard the build-up of the 
circuit current. When the circuit current decreases, the self-induced emf 
has a polarity which aids the applied volta ge and so tends to maintain the cur¬ 
rent; that is, prevent it from falling together with the decrease in voltage. 
Because the action of the self-induced emf is opposite to that of the applied 
voltage^ it is often referred to as counter-emf or back-emf. 
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The behavior of self-induced emf was first explained by H. F. Emil Lenz and 
has since become known as Lenz's law. Although stated in different ways, 
Lenz's law states: "A changing current induces an emfwhose polarity is such 
as to oppose the change in current. " Counter-emf is not readily measurable, 
but its effects can be observed. When a circuit in which a substantial amount 
of current is flowing through coils is suddenly opened, the sudden collapse 
of the magnetic field induces a counter-emf which can be greater than the 
originally applied voltage. In fact, the counter-emf may even cause a momen¬ 
tary arc to bridge the gap where the circuit was opened. 


The amount of counter-emf produced will depend upon the rate of change at 
which the expanding and contracting magnetic lines of force cut the conduc¬ 
tor. The greater the current, the more lines of force cutting per unit time; 
the higher the frequency, the more rapidly the magnetic field moves and’ 
again, the more lines of force cutting per unit time. 
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Inductance 

The physical shape of the conductor in which current flows, sometimes re¬ 
ferred to as the "geometry of the inductor, " also has a bearing on the control 
of the current. The loops of flux lines associated with current in a straight 
wire cut only that conductor during expansion and contraction of the surround¬ 
ing magnetic field. The number of flux linkages between the lines of force 
and the conductor is the same as the number of loops of force produced by the 
current in the conductor. If, however, the conductor is coiled to form a 
solenoid, each turn links not only with the flux lines from that turn, but also 
with flux lines from adjacent and nearby turns. 


Inductance is that Property of a Circuit or 
Component which Opposes a Change in Curt 


In expanding and contracting, flux 
linkages induce a counter-emf in 
a conductor. Induced voltage opposes 
both a rise and fall of circuit current. 


m 


n? 




A STRAIGHT CONDUCTOR CONTAINS INDUCTANCE. 


Cross sectional view of 
a coil shows flux linkages 
between turns of the coil. 







\J$j ))) 


A COIL CONTAINS MORE INDUCTANCE BECAUSE INCREASED 
NUMBER OF FLUX LINKAGES PROVIDES GREATER COUNTER-EMF 


The total number of flux linkages with each turn is, therefore, several times 
the number of flux lines from a given current in the turn. If 10 flux lines 
originate from each of three adjacent turns and the lines link with each turn, 
the total number of flux linkages is 90, whereas the total number of lines that 
originate from the three turns is only 30. The greater the number of flux 
linkages per unit time, the greater the emf induced in each turn; hence, in 
the solenoid as a whole. For any given current in a coil, the counter-emf 
induced in the coil is a function of the number of flux lines multiplied by a 


constant that arises from the shape of the coil. The constant is symbolized 
by the capital letter JL and is called se If -inductance, or simply inductance. 
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Inductance (Cont'd) 


The greater the inductance of a coil, the higher is the induced emf and the 
greater is the opposition to the increase and decrease of current in the 
solenoid. 

Every conductor--short or long—has inductance. When the frequency is 
low (say up to several hundred cycles), the effect of the inductance of any rea¬ 
sonably long length of straight conductor is negligible. When the straight 
conductor is coiled, its inductance increases substantially. Even if the con¬ 
ductor is not coiled but its length is great, the amount of inductance possessed 
by the straight wire can be sufficient to influence current flow. This situa¬ 
tion can be a problem for even a reasonably short length of wire when the 
operating frequency is high. 
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Iron-core coils with many turns 
have high values of inductance. 


Cross-sectional view of multi-layer coil 


nm 


The greater the number of turns in a coil, the higher is its inductance. The 
closer the coil turns are to each other, the higher the coil inductance, be¬ 
cause the flux linkages increase in number. If the core of a solenoid is made 
°^ a high-permeability material, such as soft iron, the inductance increases 
still more. On the other hand, if a coil is wound by doubling the wire back 
2B_ii se h, the inductance is he ld to a minimum . The self-induced emfgener a- 
ted in one half of the total length of the conductor offsets the self-induced 
emf generated in the other half of the conductor; hence, the coil as a whole 
isplays minimum or even negligible inductance. Such a winding is known 
as a non-inductive” winding. This method of winding is used to form wire- 
wound^ resistors wherein d-c resistance is desired but where inductance is 
an undesirable effect. 
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Unit of Inductance--The Henry 


The unit of inductance is the henry , named after the American physicist, 
Joseph Henry. By definition, a conductor, or coil, has an inductance of 1 
henry when a current which changes at the rate of 1 ampere per second in¬ 
duces an emf of 1 volt. The number of flux lines corresponding to this rate 
of change in the current is 100, 000, 000, or 10 8 . In defining inductance as 
flux linkages per ampere of current producing the flux, we can say: 


Inductance (in henries) = 


flux linkages _ 

current producing flux 


x 10“ 8 


Having established the above, we can now study the formula for determining 
the magnitude of a counter-emf: 


Counter-emf (induced voltage caused by changing current) = 


L x cti ange in current 
change in time 


The minus sign means that the voltage developed is a counter voltage and 
opposes the force producing it. From this, we can see that the greater the 
inductance or the faster the rate of current change, the greater the counter - 
eraf induced in the circuit. 


LOW-FREQUENCY 
INDUCTOR 
(iron core) 


HIGH INDUCTANCE 
--30-henry range) 


used in radio receivers, 
may be rated at 
300 ma or higher 


INDUCTORS COME IN A 
VARIETY OF SIZES - 

FOR DIFFERENT PURPOSES 




HIGH-FREQUENCY 
INDUCTOR 
wound on 
ceramic cor© 

* 

LOW INDUCTANCE 
(microhenry range) 

# 

HIGH-FREQUENCY 
INDUCTOR 
wound on 
shunt resistor 


INDUCTANCE OFFERS 
NO OPPOSITION 
TO FLOW OF D-C 


The inductance of coils used in radio communications equipment ranges from 
extremely small air-core units of 1 microhenry and less to large iron-core 
multilayer units of 30 henries and more. Inductors are also usually rated 
at some specific current. When excessive current flows through an iron-core 
inductor, the core may become ''saturated” and the inductance decreases. 


From what we have learned, we see that in addition to resistance, another 
circuit property, inductance, also is involved in the control of current. Of 
course, we must remember that while resistance opposes the flow of both a-c 
and d-c, the effect of inductance comes into play only under conditions of al¬ 
ternating or changing current. 
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Mutual Induction 

When a changing magnetic field produced by one coil cuts the turns of a sec¬ 
ond coil and induces an emf in the second winding, the action is known as 
mutual induction. The winding from which the flux originates is called the 
primary, usually indicated by the letter P. The voltage that is applied to the 
primary winding and causes current to flow is called the primary voltage . 
The changing current that flows in the primary winding and produces the chang¬ 
ing flux is the primarycurrent, sometimes referred to as the inducing current. 
The winding in which the emf is induced by the changing magnetic field is 
known as the secondary , usually indicated by the letter S. The emf induced 
in the secondary winding is known as the secondary voltage . If the secondary 
is part of a closed circuit wherein current flows, this current is called the 
secondary current. Mutual induction is a basis for transferring electrical 
energy from one circuit to another by means of a changing magnetic field. 
This is the basis of transformer operation. 



The amount of emf induced in the secondary is, among other conditions, a 
function of the physical positioning between the primary and secondary wind¬ 
ings. The positioning determines the flux linkages between the windings and, 
therefore, the rate of cutting by the lines of force. This physical relation¬ 
ship is known as "coupling. " Coupling , flux linkage, and induced emf are 
maximum when the primary and secondary turns are interwound, or when 
the primary and secondary windings are one above the other and very close 
together. The more the number of turns of the secondary winding that are 
cut by the changing flux from the primary, the higher the emf induced in the 
secondary. The emf induced in each turn of the secondary winding is additive 
to the others. 
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Mutual Inductance 

If a sine waveform voltage is applied to the primary winding of a primary¬ 
secondary assembly, a similarly varying current will flow in the primary 
winding. During the time that the primary current increases, its magnetic 
field expands, cutting the turns of the secondary and inducing a voltage in it. 
The secondary voltage, in turn, causes the flow of secondary current which 
has such direction (opposite to the primary current) as to create a magnetic 
field that opposes the field produced by the primary current. This action 
conforms with Lenz f s law. 



MUTUAL INDUCTANCE BETWEEN COILS 
COEFFICIENT OF C0UPLIN6 


'C>aa r jL^- 
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Maximum coupling (unity or 1] occurs 
when all the flux from each coil cuts 
all the turns of the opposite coil. 



Minimum coupling occurs 
when two coils are 
at right angles 


MUTUAL INDUCTANCE (M) = K (coefficient of coupling) ~)f LT x L2 


K = 0.5 



henfies^ ^ ^decimal from 0.0 to 1.0 henries 


2.5 h 


M = 0.5 l/lO x 2.5 
= 0.5 V 25 
= 0.5 x 5 
= 2.5 HENRIES 


The magnetic field produced by the secondary current expands and, in so do¬ 
ing, cuts the turns of the primary winding. Here, it induces an emf which 
acts in opposition to the emf that is self-induced by the primary current. 
The resultant voltage of these two oppositely acting voltages is lower in value 
than the original self-induced voltage. Therefore, the primary current rises 
higher than it would were the field from the secondary current absent. During 
the period of decreasing primary current, the collapsing magnetic field cuts 
the secondary winding and induces an emf. The secondary current now has 
a direction that produces a magnetic field which tends to offset the collapsing 
field around the primary; i. e. , it aids the self-induced emf in the primary 
and thus tends to prevent the primary current from falling. 

The control of the primary current is presumed to be the result of magnetic 
lines of force common to both the primary and secondary windings . These 
common flux linkages are given the name mutual inductance , which is desig¬ 
nated by the letter M and uses the henry as its unit. Any two coils positioned 
so that flux from one links with the other have mutual inductance. 
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Inductance in Series and Parallel 

In order to achieve certain desired amounts of inductance, it is sometimes 
necessaryto conduct inductors in series or parallel. When connecting induc¬ 
tors in series, the total inductance will be the sum of all the individual in¬ 
ductances: Lt = LI + L2 + L3 + etc. This formula holds true, however, only 
when the inductors are shielded from each other, or so positioned physically 
that there is no mutual inductance between them. If however, two inductors 
are located so that the flux lines from each cut the turns of the other, then 
the total inductance must take into consideration the mutual inductance be¬ 
tween them. 

We use the formula: Lt = LI + L2 ± 2M. The plus~or-minus 2M is used to 
take into consideration that the two inductors can be connected either series 
aiding or series opposing . In series aiding, the two inductors are arranged 
so that their flux lines move in the same direction and thus aid each other. 
This additional mutual inductance adds to the basic inductances of LI and L2. 
When two inductances are arranged so that their flux lines oppose each other, 
we say that they are connected series opposing. Thus, the coefficient of 
coupling and the direction of magnetic fields help determine the total induc¬ 
tance. We can note an interesting point here. If we double the number of 
turns of a coil and assume perfect coupling (K - 1), we can achieve four times 
the inductance. 



The total inductance of a circuit containing inductances in parallel is calcula¬ 
ted in the same manner as resistances in parallel: 

1 

Lt " I ~T ~I~ 

Li + L2 + L3 + etC - 

The above formula is valid, as in series opposing, only when each inductor 
is shielded from the other. Any mutual inductance existing between induc¬ 
tors in parallel tends to reduce the total inductance. 
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Inductive Reactance 

The opposition offered by an inductance to a change in current is measured at 
any given instant in terms of counter-emf (the voltage opposing the applied 
voltage). We saw that the characteristic of an inductance was to oppose any 
change in current, be it an increase or a decrease. This opposition pre¬ 
sented by an inductance to an a-c or changing current is called inductive re¬ 
actance (indicated as Xl). It can be compared somewhat to resistance (R). 
In d-c circuits and in a-c circuits containing only resistance, the total oppo¬ 
sition to the flow of current is the resistance, in ohms (R = E/I). 
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Reactance comes into play only under varying conditions. It represents an 
opposition to the flow of a varying current. Thus, the opposition offered by 
an inductor is called inductive reactance and, like resistance, is also meas¬ 
ured in ohms. (Later in this course, we will study the reactance presented 
by a capacitor, called capacitive reactance.) Since the magnitude of induced 
emf depends on the amount of inductance and the frequency (rate of change) of 
the current, the formula for inductive reactance takes both into account. In¬ 
ductive reactance is calculated: Xl = 27rfL. The 27rf represents the rate of 
change of the current. There are 27r(6. 28) radians in a cycle, so 27rf repre¬ 
sents the rate of change in current per second (angular velocity). Frequency 
(f) is in cycles per second, and L is equal to the inductance in henries. From 
this formula, we can see that the higher the frequency or the greater the in¬ 
ductance, the greater will be the inductive reactance. This'is logical, since 
an increase in either will cause flux lines to be cut at a greater rate, and 
produce a greater counter-emf. 
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Inductive Reactance—Solving Problems 

Having established the formula for inductive reactance: = 27rfL, let us 

solve some problems concerning inductive reactance so as to gain a greater 
familiarity with this "new” type of opposition to current flow. In each of the 
following problems, we will assume that the resistance of the inductor is 
zero ohms. Actually, this is never the case. Since an inductor is wound 
with turns of wire, there must be some d-c resistance. Later, we will dis¬ 
cuss the practical inductor which contains both resistance and reactance. 


Measuring Inductive Re$ct$nce Xf 


(in ohmsjL_ 


O Frequency (in cycles) 

As FREQUENCY increases or decreases, 


(in ohms) 



O Inductance (in henries 

As inductance increases or decre 


In a simple circuit containing a 60-cycle voltage source and a 10-henry coil 
we will find the inductive reactance of the coil using the basic formula: Xj^ 
= 2trfl = 6.28 x 60 x 10 = 3768 ohms. 


Leaving L fixed at 10 henries, and doubling the frequency to 120 cycles, X L 
= 2rfL = 6. 28 x 120 X 10 = 7536 ohms. 

We see that doubling the circuit frequency doubled the inductive reactance. 
Leaving L at 10 henries but changing the frequency to 30 cycles, 

X L = 27rfL = 6. 28 x 30 X 10 = 1884 ohms. 

We see that halving the circuit frequency halved the inductive reactance. 
Just as doubling and halving the circuit frequency doubled and halved the in¬ 
ductive reactance, the same would be true with doubling and halving the in¬ 
ductance of the coil. We say, then, that the inductive reactance of a coil 
varies directly with the frequency and with the inductance. * 

Working with a small 50-microhenry coil at a frequency of 4 megacycles, we 
get an inductive reactance through the coil of: 

Xl = 27rfL = 6. 28 x 4,000,000 x 0.00005 = 1256 ohms. 

Let us find the inductive reactance of a 1-millihenry coil at 10 kilocycles. 
X L = 2jrfL = 6. 28 X 10, 000 x 0. 001 = 62. 8 ohms. 
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Alternating Voltage and Current in an Inductive Circuit 

In discussing voltage and current in an inductive circuit, we shall first assume 
an ideal inductance—one without any resistance. This will establish basic 
theory about a "pure” inductive circuit which, while it never occurs, enables 
us to understand practical inductive circuits. We learned that inductive re¬ 
actance not only limits the amount of current flowing in an inductive a-c 
circuit., but also delays the increase or decrease of current in the circuit. 
The current in an inductive circuit takes the form of a sine wave if the applied 
voltage is of a sine waveform, except that the current is delayed or lags be¬ 
hind the voltage variations. 


APPLIED VOLTAGE LEADS 
CURRENT BY 90° IN A 
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We learned that in an inductive circuit, a chan ge in current produces a .coun¬ 
ter-emf which acts to oppose that change. It was established that the counter- 
emf was 180° out of phase with the applied voltage. We can now consider 
the relationship of the current in an inductive circuit to the applied voltage 
and the counter-emf. Since the counter-emf is induced by the changing cur¬ 
rent, it follows that the maximum counter-emf is induced when the current 
is changing at its greatest rate. We learned that the greatest rate of change 
in a sine waveform occurs when the waveform passes through its 0°, 180°, 
and 360° points; the least rate of change (but maximum value) occurs at its 
90° and 270° points. Thus, when the current waveform is at maximum, for 
example, the counter-emf waveform will be zero; when the current waveform 
is at zero, the counter-emf is at maximum. 

From this, we can see that there is a 90° phase difference between the cur¬ 
rent in an inductive circuit and the counter-emf it produces. Since the applied 
voltage is 180° out of phase with the counter-emf, there is a 90° phase dif¬ 
ference between the applied voltage and the current. The applied voltage 
causes the current to flow, so we say that the applied voltage leads the current 
by 90°, or the current lags the applied voltage by 90°. 
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Alternating Voltage and Current in R-L Circuits 

. SI 

The practical coil consists of both inductance and resistance acting in series. 
We have just discussed the effect of inductance on voltage and current. Let 
us now review the effect of resistance on voltage and current in an a-c cir¬ 
cuit. Since the property of resistance has no association with magnetic ef¬ 
fects (actually, resistors contain some inductance), current flow through a 
resistance is assumed to be free of a magnetic field. The absence of a mag¬ 
netic field prevents the self-induction of an emf; hence, a varying voltage 
applied to a resistance causes a simultaneously varying current. In other 
words, voltage and current are in phase in a resistance. We can use Ohm’s 
law to find the current in an a-c resistive circuit just as in a d-c circuit, ex¬ 
cept that in an a-c circuit, we must think of I and E in the same terms — 
average, effective, or peak values. 


loo Seths A-6 Citeuit Contmmg L end 

eems L end R ete 90° Out of Phuse 



VOLTAGE DROP 


VOLTAGE DROP 



When an alternating voltage is applied to a practical coil, the same current 
(I) flows in the inductive and resistive parts of the coil. In flowing through 
the R-L circuit, the current produces two voltage drops—one across the in¬ 
ductance (El) and one across the resistance (E R ). The inductance voltage 
drop is equal to IXl; the resistance voltage drop, to IR. With the same cur¬ 
rent flowing through the coil, E L leads I by 90°, and E R is in phase with I. 
Thus, voltage drops El and Er are 90° apart, with El leading Er. Since 
the effect of the inductance is to produce a voltage drop 90° out of phase with 
the current, and resistance produces a voltage drop in phase with the cur¬ 
rent, the net effect is that the resultant or applied voltage will lead the cur¬ 
rent in an R-L circuit by a phase angle 90° or less. Later, we will learn 
how to find the exact phase angle. 
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Impedance (Z) 

Two sources of opposition to current flow exist in the practical inductor— 
one is inductive reactance (Xl), arising from the action of inductance (L); 
the other is resistance (R), arising from the nature of the conductor material. 
The combined actions of Xl and R constitute the total opposition to current 
flow known as impedance . Impedance is expressed in terms of ohms and is 
indicated by the letter 2L 


? IMPEDANCE (Z)=Vx.2 + r2 ® 

^ \ 7 L ^ 



THE IMPEDANCE OF A SERIES R-L CIRCUIT CAN NEVER IE EQUAL TO OR AS CHEAT AS THE 
SUM OF Xl AND R, NOR CAN IT BE EQUAL TO OR LESS THAN EITHER X L OR R. 


The two current-opposition components--inductive reactance and resistance— 
are considered as being in series in an inductor. However, to find their im¬ 
pedance, we cannot add them arithmetically for our answer. To determine 
the impedance of a series R-L circuit, it is necessary to take into account 
the 90° phase difference between the voltage drops across the inductance and 
the resistance. This can be done in two ways: by using the right triangle 
equation; or by vectors (graphically). The equation method uses the right 
triangle as its basis. Early in this volume, we learned that if we squared 
the hypotenuse of a right triangle, that sum would be equal to the sum of the 
other two sides squared. When we consider the right triangle for calculating 
impedance, we make the vertical side, or altitude,' 1 represent the inductive 
reactance. The horizontal side, or base, represents the resistance. The 
hypotenuse which joins the ends of these two sides represents the impedance 
of the circuit. From this, we can see a basic formula for finding the im¬ 
pedance of a series R-L circuit: Z 2 = Xl 2 +R 2 . To simplify this and find 
Z directly, we take the squar e root of b oth sides of the equation and get the 
highly usable formula: Z = V^L 2 + R 2 - 


In a series R-L circuit, Xl and R must be considered 90° apart because the 
same current flows through R and L, but the voltage drops are 90° displaced. 
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Solving Impedance Problems 

Let us now solve some impedance problems in order to familiarize ourselves 
with this procedure. In the first two, we will assume we already know the 
inductive reactance; in the third, we will work out the problem. 

We have a series R-L circuit in which the inductive reactance is 18 ohms and 
the resistance is 24 ohm s. Find t he impedance of the circuit. Using the 
impedance formula Z = aJ Xl2 + r 2, we first find the square of Xl- Since 
Xl is equal to 18 ohms, XL 2 is equal to 18 x 18, or 324 ohms. R is equal 
to 24 ohms, so R2 equals 24 x 24, or 576 ohms. We now add Xl 2 (324 ohms) 
and R2 (576 ohms) and get a total of 900 ohms. Taking the square root of 900 
gives us 30 (30 x 30 equals 900). Thus, this circuit’s impedance is 30 ohms. 



Z = V X L 2 +R2 
= Vi82 + 24 2 
= V324+ 576 
= V900 


= Vx L 2 + r2 
= a/48 2 + 20 2 
= a/2304 + 400 
=a/2704 


1st:FIND Xi 

X L = 2v fL 
= 6.28x1000x0.01 

= 62.8 ohms 

2nd:FIND Z_ 

Z =a/Xl 2 + R 2 
-a/62.82+ 502 
=V3943.84-F250d 


— 30 ohms 


- 52 ohms 


80.3 ohms 


We now have a series R-L circuit having an inductive reactance of 48 ohms 
and a resistance of 20 ohms. Find the impedance of the circuit. Once again, 
we first square Xl, and get 48 x 48, or 2304 ohms. We then square R, and 
get 20 x 20, or 400 ohms. Adding these two squared numbers, we get 2304 
plus 400, or 2704. Taking the square root of 2704, we get 52 (52 x 52 equals 
2704). The impedance is 52 ohms. 


In our third problem, we have a series R-L circuit in which L is a 10 milli¬ 
henry coil and R is a 50-ohm resistor. The frequency of the applied voltage 
is 1 kc (or 1000 cycles). Find the impedance of the circuit. We know the 
resistance is 50 ohms, so we must first find the inductive reactance. This 
is equal to.: Xl =2 ir fL. Filling in the formula, we get XL = 6. 28 x 1000 
X 0.01, or 62.8 ohms. Knowing the inductive reactance is 62.8 ohms, we 
can now find the impedance of the circuit. We square 62. 8 (62. 8 X 62. 8) and 
get 3943. 84. We then square the resistance (50 ohms) and get 2500. Adding 
3943. 84 and 2500, we get 6443. 84. Finally, takingthe square root of 6443. 84 
-ve get 80. 3 ohms, the impedance of this circuit. 
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Graphical Determination of Impedance (R and L in Series) 

There is a simple graphical method that can be used to determine the imped¬ 
ance of an R-L circuit. It makes use of a parallelogram method that has 
certain advantages and disadvantages. To apply this method, let us first 
state a problem With which we can work. We will assume a series R-L cir¬ 
cuit in which the inductive reactance is 80 ohms and the resistance is 60 ohms 
at the frequency of the voltage source. The problem—to find the impedance 
of the circuit. Instead of using the impedance formula, the problem is laid 
out to scale. We draw the vertical line which represents Xl to some exact 
length to represent the number ”80 M . It could be 8-inches long, with each 
inch representing 10 ohms, or any other unit of measurement can be used. 
Then, with Xl being 8 units long, we draw the horizontal R axis exactly 6 
units long to represent 60 ohms. 


AN IMPEDANCE PROBLEM 
CAN BE LAID OUT TO SCALE 
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using triangle 
Tangent of angle Q = 
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R = 6 
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X L 8 

__ = _S_ = 1.333 
R 6 


Looking in 

tangent column 

of trigonometry 

table, we find: 53.1° = 1.3319 

53.2° = 1.3367 

TO NEAREST TENTH OF DEGREE, 
9 = 53.1° 


A parallelogram is now drawn, with one side parallel to the Xl axis and one 
side parallel to the R axis. Each new side is drawn from the end of the Xl 
and R axis. We now draw the resultant from the point where Xl and R meet 
to the diagonal corner of the parallelogram. This diagonal represents the 
resultant of the Xl and R vectors and indicates the impedance of the circuit. 
If the parallelogram were scaled and drawn properly, the resultant would be 
exactly 10 units long, representing 100 ohms impedance. Naturally, the 
same units of length would have to be applied to XL, R, ’ and Z in any given 
problem. 

An advantage of this method is that it gives a quick, rough approximation. 
Its disadvantage is that it is somewhat clumsy and impractical where high 
precision is required. Another thing can be seen. The angle formed by the 
resultant and the R axis is the angle by which the current lags the voltage in 
an R-L circuit, and can be measured with a protractor. In our circuit, it is 
about 53.1°. 
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OHM'S LAW FOR A-C CIRCUITS 


Alternating Current in an Inductor 


When the impedance of a coil and the applied voltage are known, the alterna¬ 
ting current flowing through the inductor can be readily calculated. Pre¬ 
viously explained versions of Ohm's law for current are used except that R 
(resistance) in the equation is replaced by Z (impedance). Ohm's law as 
applied to a-c then reads: I = E/Z; Z = E/I; and E = I x Z. 



L = 1 mh 
(0.001 henry) 

R - 10 ohms 


TO FIND CURRENT FLOW 
IN AN A-C CIRCUIT/ 
WE USE OHM’S LAW 
FOR A-C CIRCUITS 
I — E/Z 


L and Rare shown as separate components for the purpose of this problem only. 
Actually, in an inductor the two are inseparable since the same winding 
produces the resistance and the inductance. 


1st FIND X L : 

2nd 

FIND Z: 

2=*/x l 2+r2 

3rd FIND I: 

X L - 2t fL 


= V / 6.28 2 +10 2 

*i = -L 

"Y 

= 6.28 x 1000 x 0.001 


=V 39.4 + 100 

Z 

_ 10 

= 6.28 ohms 


= V 139.4 
= 11.8 ohms 

11.8 

= 0.847 ampere 


In each of these ratios, current and voltage must be expressed in the same 
terms. If we are considering the effective value of I, then we must consider 
the effective value of E. If we use peak values or average values of I, we 
must use like values of E. By so doing, it does not matter what values of 
E and I are being used. In virtually all instances, except where specifically 
noted, it is assumed that the effective value of E and I are being used. Note 
that nothing really new is being introduced —Ohm' s law is still perfectly usable. 
The only thing new is that we must now consider other things such as Xl and 
Z since we are dealing with an inductive circuit. 


The following problem illustrates atypical situation of an inductor in an a-c 
circuit. The resistance in the inductor is the actual d-c resistance of the 
copper wire that makes up the coil. Assume we have a 1-millihenry coil to 
which is applied a 1-kilocycle 10-volt a-c source. The d-c resistance of the 
inductor is 10 ohms. How much current flows through the coil? To solve 
the problem, we must first determine the inductive reactance and then the 
impedance. We find the inductive reactance using the formula Xl = 2 it fL *= 
6* 28 x 1000 x . 001 = 6. 2 8 o hms. We can now find the impedance: Z = 
A/+ R 2 = A/ 39. 4 + 100 = a/ 139. 4 = 11. 8 ohms. Now using Ohm's law 
for a-c circuits, we find the current: I = E/Z = 10/11. 8 = . 847 ampere. 
We can go one step further and find the phase angle © by which current lags 
the voltage: Tangent © = Xl/R = 6. 28/10 = . 628. From the tangent table, 
.6273 = 32.1°. 





CURRENT AND VOLTAGE IN SERIES R-L CIRCUITS 
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Determining the Current in an R-L Series Circuit 

The theory you have learned about the series-connected R and L components 
of an inductor applies equally when an external resistance is series con¬ 
nected with the inductor. Now, two values of resistance are involved—the 
d-c resistance of the coil winding, and the external resistance. Assume a 
series-connected circuit in which inductance L = 5 henries, coil resistance 
Ri = 40 ohms, external resistor R2 = 1000 ohms, and the applied voltage is 
100 volts at 100 cycles. Let us find the current in this circuit. 


PRACTICAL INDUCTOR presents both INDUCTANCE end RESISTANCE to the circuit. 



E =100 
volts 


'Vhs h) 


f =100 
cycles 


RI = 40 ohms 


R2 = 1000 ohms 


jJ j> RI ( in 

^ TOTAL - ! <L inductor) 
RESISTANCE j X R2 
OF CIRCUIT : | (externa!) 


Z= V X l 2 + (R1 + R2) 2 


0 = 71 


Xl» 27rf L= 6.28 x lOOx 5 * 3140 ohms 

Z x l 2 +(ri+r 2)2 * v / 31402+1040 2 *3308ohm* 
, E 100 _ 


** ~2 8 3309 *0*0302 ampere 


A | X l 3140 

+ fl2 ^*~r" * * 1 040 s3 01 * 7i °( from tangent tables) 


RI + R2 


Before any calculating is done, let us examine the circuit. The coil resis¬ 
tance of RI (40 ohms) is negligible (less than 1/10) relative to the external 
resistance of R2 (1000 ohms), but we shall take RI into account just the 
same. Being series connected, we can visualize the resistance elements as 
a single sum RI + R2. Then, the equation for impedance Z reads: 

z = Vxl 2 + (RI + R2 ) 2 

To calculate the impedance, we must first solve for the inductive reactance (Xl)- 

-Xl = 27 rfL = 6 . 28 x 100 x 5 = 3140 ohms 
Then: Z = V 3140 2 + (40 + 1000 ) 2 


= 3308 ohms 


(If the coil resistance of RI (40 ohms) is neglected, Z = 3296 ohms.) 

E 100 

Current I = -g = 3508 = * 0302 ampere, or 30. 2 milliamperes. 

The phase angle of the current is: tangent 6 = — = 3 ^^ = 3 oi = 71 0 

R 1040 
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CURRENT AND VOLTAGE IN SERIES R-L CIRCUITS 


Voltage Distribution in a Series R-L Circuit 

When we studied d-c electricity, it was established that the sum of all the 
voltage drops in a series circuit was equal to the battery or applied voltage. 
We discussed this further in Kirchhoff's laws. The same is true of the vol¬ 
tage drops in an R-L series a-c circuit, with one single exception. The vol¬ 
tage drops across R and L are not simply added together. The reason for 
this is that there is a 90° phase difference between the inductive voltage drop 
(El) and the resistive voltage drop (Er). The 90° phase difference between 
these voltage drops is caused by the fact that while the same current flows 
through R and L in a series circuit, the current through R is in phase with 
the voltage, but through L, the current lags behind the voltage by 90°. 


The Sum of the 
Voltage Drops 

in a Series R-L 
Circuit is Equal 

to the Applied 
Voltage -- 
However, these 
Voltage Drops 

must be Added 
Vectorially. 



R-L Circuit 





B 






X l =50 

ohms 

R = 50 
ohms 


E L = I x X L 


Circuit Voltage Drops 

Eo-IX R 

= 1.414*50 R =1 . 414x50 

= 70.7 volts = 70.7 volts 


Applied Voltage = 

Sum of Voltage Drops 

E applied = E j_ 2 + E§j 2 

= 70.7 2 + 70.7 2 

= */ 5000 + 5000 
= 10,000 
= 100 volts 


Circuit Impedance 

2 = /s/50 2 + 50 2 

= J 2500 + 2500 
= a/ 5000 


70.711 ohms 


Circuit Current 

E _ 100 _ 


1 ~ Z 70.711 


= 1.414 amperes 


Vectorial Addition of Voltages 
— 


e l = 

70.7 

volts 



70.7 volts 


This does not present any new problem. Our fundamental rule that the sum 
of all the voltage drops in a series circuit is equal to the applied voltage still 
holds true. The only difference is that in order to get the sum of an inductive 
and a resistive voltage drop, it is necessary to add them vectorially. Since 
the same current flows through R and L, we can find the sum of their voltage 
drops in the same manner that we found the sum of their resistance and re¬ 
actance, because the voltage drops are equal to IR and IXL . We foun d the 
impedance of an R-L series circuit using the formula Z =/\/ Xl^ ■+ R2. By 
a very simple substitution, we can fin d the sum of two voltage drops 900 out 
of phase: E (applied) = ■s/lSL^ + Er2. Thus, while measuring the voltage 
drop across R and L separately, it would seem to give a ridiculous answer 
(greater than, the applied, voltage); vectorial addition of these voltages would 
give an answer equal to the exact applied voltage. Thus, Kirchhoff's laws 
for d-c' circuits holds up equally well with a-c circuits. In an inductor, it is 
impossible to measure separately the voltage drop across R and L; we get 
one voltage drop across the R-L impedance. 













CURRENT AND VOLTAGE IN PARALLEL R-L CIRCUITS 
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The Parallel R-L Circuit - -Voltage Distribution 

The parallel R-L circuit consists of a voltage source across which an induc¬ 
tive element and a resistive element are connected. By definition, there must 
be one or more of each of these elements in this type of circuit Once again, 
we assume that the inductive element has zero resistance. Of course, in 
practice this is impossible. Later, we will discuss parallel circuits in which 
a particular branch contains both R and L. First, let us analyze the voltage 
distribution of a parallel R-L circuit. ' & 



IN® current in each branch is independent of the current in the other branches. 


Ir is in phase with applied voltage 


The Voltage Applied 
across Every Branch 
of a Parallel R-L 

Circuit is the Same 


II lags applied voltage and Ir by 90 ° 

Igg (current through R) 

1 1 (current 
through L) 

l*-9Q ° -*i W \ ^ 7" 


applied voltage^ 


As in the case of the parallel circuit in our study of d-c circuits, a parallel 
circuit contains two or more branches. The applied voltage is across each 
and every branch of this circuit. Thus, a voltage or difference of potential 
equal to the full applied voltage is across each branch. In this respect, the 
current flow through each branch acts independently of the current flow in 
every other branch. Should one branch of the parallel circuit be opened, the 
stoppage of current f low in that branch would not affect the operation of any of 
the other branches; only the total current (It) would be affected. 


The amount of current in each branch of a parallel circuit is determined by 
the voltage applied to that branch and the R or XL of that branch. In short, 
th.0 current in each for cinch would be ecjual to E/R or XL = E/Xl* sis the 
case may be. The current flow in each branch must be treated separately. 
However, there is one important new consideration. The current through a 
resistive branch is in phase with the applied voltage; the current through an 
inductive branch lags the applied voltage by 90°. This is an important con- 
siaeration when computing the total current* 
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The Parallel R-L Circuit--Current Distribution 

We have stated that the current flow in each branch of a parallel circuit is 
completely independent of the current flow in every other branch. The im¬ 
portant difference between a purely resistive parallel circuit and an R-L 
parallel circuit is in finding the total current. In a purely resistive parallel 
circuit, we simply find the total of all the individual branch currents, and this 
sum equals the total current. But in the R-L parallel circuit, the currents 
in the inductive branches are 90° out of phase with the current in the resis¬ 
tive branches. Thus, once again we are faced with vectorial addition. We 
must first add up all the inductive currents and all the resistive currents, and 
then add them vectorially. 


The total current in a parallel R-L circuit is equal to 
the vectorial sum of all the individual branch currents. 



The total current in an R-L circuit can be found in two ways: by a graphical 
layout of the current vectors; and by direct formula. In the graphical repre¬ 
sentation, the current vectors for the inductive current (II) and the resistive 
current (Ir) are placed at right angles. Since the resistive current is in phase 
with the applied voltage, Ir is the reference point and is located on the hori¬ 
zontal axis. With the inductive current lagging 90° behind it, we place the 
inductive current vector straight down, representing a 90° lag behind Ir. 
Using the parallelogram, the resultant represents the total current and the 
angle of lag between the app lied voltag e and the total current. Using the for¬ 
mula for impedance, Z = +R2, which we developed for right triangle 

we simply substitute and get: total current (It) =V5?+1 r 2 * The 
irrent lag behind the applied voltage is equal to: tangent Q = Il/IR- 











PARALLEL R-L CIRCUIT—IMPEDANCE CALCULATION 
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Impedance of the Parallel R-L A-C Circuit 



The impedance of the parallel R-L a-c circuit is computed by a method very 
much like that used for calculating the total resistance of resistors con¬ 
nected in parallel. We learned that to find the total resistance of two resist¬ 
ances in parallel, we used the formula R t = (R1 x R2)/(R1 + R2). We can now 
substitute in this formula to bring our R-L circuit into play. To find imped¬ 
ance, we say Z = (R x Xl)/(R + Xl). However, the addition of two vector 
quantities, as we have seen, cannot be made by simple addition. Therefore, 
to take into consideration the fact that R and X T must be added vectorially, 
we change the formula to: Z = R x Xi/a/R^+Xl 2 . Using this formula, we 
would be accounting for the 90° phase difference between the currents in the 
resistive and inductive branches. 
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SERIES R-L CIRCUIT 

■ # 

The current is the same everywhere. 


The current is in phase throughout 
the circuit. 


The voltage across the inductance 
leads the voltage across the resis¬ 
tance by 90°. 

The angle of lag between the total 
circuit current and the applied cir¬ 
cuit voltage is determined by the 
amount of reactance and resistance. 


PARALLEL R-L CIRCUIT 

The current divides between the 
branches; each branch current is a 
function of the branch re sistance or 
reactance. 

The current in the inductive branch 
lags the current in the re sistive 
branch by 90°. 

The voltage across the inductance is 
in phase with the voltage across the 
resistance. 

The angle of lag between the line cur¬ 
rent and the applied voltage is deter¬ 
mined by which circuit component is 
smaller - -the reactance or the resis¬ 
tance. 


Increasing the frequency makes the 
circuit more inductive because the 
inductive reactance exerts greater 
control on the circuit current. The 
angle of lag increases . 

The applied voltage divides vector¬ 
ially between the series reactance 
and resistance. 

Increasing resistances makes the 
circuit more resistive . The angle of 
lag of the circuit current approaches 
0° more closely. 

Increasing the inductance makes the 
circuit more inductive . The angle 
of lag of the circuit current approa¬ 
ches 90° more closely. 


Increasing the frequency makes the 
circuit more resistive because the 
line current is predominantly the re¬ 
sistive branch current. 


The applied voltage is the same 
across all parallel-connected ele- 
ments. 

Increasing resistances makes the 
circuit more inductive . The angle of 
lag of the line current approaches 90° 
more closely. 

Increasing the inductance make 6 the 
circuit more resistive . The angle of 
lag of the line current approaches 0° 
more closely. 



1 = Er + El (added vectorially) llilli It = I R + I L (added vectorially) 

SAME CURRENT THROUGH R AND L 1||§I SAME VOLTAGES ACROSS R AND L 
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The Transformer 


You have learned that an alternating current or a varying d-c current flowing 
in one coil can induce a varying voltage in a neighboring coil. The changing 
magnetic lines of force from the varying current in one coil (which we call 
the primary ) cuts the turns of the other coil (called the secondary ) and induces 
a changing voltage in each of the turns of the secondary. When two coil wind¬ 
ings are arranged so that a changing current in one induces a voltage in the 
other, the combination of windings constitutes a transformer . Every trans¬ 
former has a primary winding and one or more secondary windings. The 
primary winding (usually labeled P) receives the input electrical energy from 
a voltage source, whereas the secondary winding or windings (usually labeled 
S) delivers the induced output voltage to a load. 



The transformer serves many functions. It enables the transfer of electrical 
energy from one electrical circuit to another by using changing magnetic 
lines of force as the link between the two. In this way, it behaves as a coup¬ 
ling device. Also, it provides a means whereby an alternating voltage of a 
given amount can be changed (transformed) to higher or lower amounts, making 
electrical power distribution practical. Such transformation also can be 
applied to current and impedance. These functions are explained later. 
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TRANSFORMERS—ACTION, TYPES, APPLICATIONS 


Transformer Action (Unloaded Secondary) 

Assume a two-winding iron-core transformer with a primary (P) and a secon¬ 
dary (S), both of equal number of turns and of very low resistance. There is 
no load connected to the secondary winding. The a-c voltage applied to the 
primary is shown as a single cycle starting at maximum positive. 

As the primary voltage Ep starts decreasing from maximum positive value, 
the primary current In starts increasing from zero in a positive direction. 
(See A on facing page.) The 90° lag of primary current relative to primary 
voltage is due to the inductance of the primary winding. As the primary cur¬ 
rent starts increasing from zero, its associated magnetic field starts expan¬ 
ding. At this instant, the rate of change of the current, and of the flux, is 
maximum . The flux lines cut the turns of the primary winding and generate 
a self-induced emf of maximum value in the primary winding. This emf acts 
in opposition to the applied primary voltage Ep. Since there is nothing to 
prevent the generation of a maximum number of flux linkages, the self-induced 
emf is high, thereby causing the primary current Ip to be very low in value. 
Stated another way, the primary current is held low by the high inductive re¬ 
actance of the iron-core primary. 

At the same instant in time (still A on the facing page), the expanding field 
produced by the primary current cuts the turns of the secondary (S), where it 
induces the secondary voltage, E s . Inasmuch as the rate of change of the 
magnetic field is maximum, the voltage Es is maximum. This secondary 
voltage has a polarity that is opposite to that of the primary voltage. It appears 
across the secondary, but since the secondary is unloaded (open) there is no 
secondary current. Hence, the action in the secondary has no effect on the 
action in the primary circuit. When the primary current reaches its maximum 
positive value, the rate of change of its field is theoretically zero; hence, the 
voltage induced in the secondary is zero. This coincides with the instant in 
time when the primary voltage Ep is zero. 

As the primary voltage Ep passes through zero, changes polarity, and starts 
increasing towards its negative peak, the primary current Ip (still of the same 
direction) starts decreasing from maximum to zero, accompanied by the col¬ 
lapse of the magnetic field back into the primary. (See B.) The flux lines 
again cut the turns of the secondary winding, but now, in a direction opposite 
to that when the field was expanding. The result is a secondary voltage oppo¬ 
site in polarity to the previous voltage, and opposite to that of the applied pri¬ 
mary voltage. As Es increases towards its maximum positive value, the 
applied primary voltage increases towards its maximum negative value, both 
peaks being reached at the same instant. Also, at the same moment, the 
primary current Ip passes through zero. 

The action of the transformer duringthe remainder of the primary voltage and 
current cycle is shown in C and D. It is the same as previously described ex¬ 
cept for the reversal in direction of the primary current. The expansion and 
collapse of the field is as before, during which time the remainder of the 
secondary voltage cycle is generated. At each instant of time, the secondary 
voltage is 180° out of phase with the primary voltage. The primary current 
is 90° behind the primary voltage, but 90° ahead of the secondary voltage Es- 
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TRANSFORMERS—ACTION, TYPES, APPLICATIONS 


Transformer Action (Loaded Secondary) 

When the transformer is delivering voltage to a load, current flows in the 
load and in the secondary winding. This current affects the primary current. 
We will assume that the load connected to the transformer is a resistance R. 
When a voltage is induced in the secondary winding, a current flows through 
the load. This current also flows through the secondary winding. The load 
current is a current drain on the transformer. Like any other alternating 
current, the current in the secondary is accompanied by changing flux lines. 
The path for these flux lines is the transformer core, but the direction of 
these lines is opposite to that of the flux lines associated with the primary 
current. So, in effect, two sets of flux lines flow in the core—one due to the 
primary current, and the other due to the secondary current. 


WHEN NO ELECTRICITY IS BEING TAKEN 
OUT OF THE SYSTEM, VIRTUALLY NO 

current flux lines flow in the core.B electricity needs to be supplied 



Primary and secondary current flux lines are assumed to flow 
in the core. The flux due to secondary current acts on the primary. 

The emf self-induced in the primary is reduced, as is the inductive 
reactance of the winding; hence, the primary current increases automatically. 


By virtue of its direction, the secondary current flux opposes the primary 
current flux. In doing so, the number of linkages which occur between the 
primary current flux and the primary turns, and which accounts for the self- 
induced emf in the primary, is reduced. This action is like a self-regulating 
valve that permits the primary current to increase above the small amount 
which flows when there is no load on the secondary. The amount of increase 
in primary current is determined by the amount of current drawn from the 
secondary winding. In other words, when the secondary winding delivers 
power (E x I) to a load, the primary winding draws more power from the vol- 
®° urce .^ ian w h en the secondary winding is not delivering power to a load. 
^|tne primary voltage beii^fixed in value, the increase in power required 
m the mnnrvary appears as an increase in primary current. Of course, the 
rue—if the secondary current drain decreases, the primary cur- 
Lcally decreases to adjust to the new situation. 
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Iron-Core and Air-Core Transformers 

There are many kinds of transformers. In a broad sense, they fall into two 
categories—iron^core and air-core. Each category has numerous subdivi¬ 
sions relating to its particular uses. The two types mentioned state the kind 
of material that serves as the path over which the magnetic lines of force 
travel from the primary to the secondary and in the reverse direction. Since 
soft iron is a much better path for magnetic lines of force than air, it is used 
as the core for the transformer windings, except at very high frequencies. 
The iron core conducts most of the flux lines originating from the primary 
current in the primary winding to the turns of the secondary winding, thereby 
allowing the maximum number of flux linkages ( tight coupling between the 
windings) , or the transfer of the greatest amount of electrical energy from 
the primary to the secondary. To improve the action in many iron-core trans^ % 
formers, the primary and secondary windings are wound on top of each other. 
Some iron-core transformers contain a powdered-iron core in the form of a 
rod on which the primary and secondary coils are located side by side. The 
flux linkage is reduced; hence, the coupling is not as tight. Transformers of 
this type may have iron cores that are movable for "tuning" (varying induc¬ 
tance) purposes. The presence of a ferrite (iron) material as the core in a 
transformer is symbolized by two or more straight lines located in the space 
between the symbols for the coils, or above or below them. 


LAMINATED SOFT IRON CORE — 
FORMS A COMPLETE PATH JC 


31 

lit 


FOR FLUX LINES 
MOVING BETWEEN 
THE COILS ON 
OUTSIDE LEGS 
OF CORE 




CORES 





S P 


Symbols for transformers 
with moveable iron-cores 



iWSBUT AS ONLY PARTIAL PATHBSff 

q,r , flu x line 



AIR-CORE COILS" 




INSULATED FORM 



INFLUX "LINES "MOVE‘THROUGH.AIRpr 


The air-core transformer has its coils wound on insulated forms that use air 
as the path for the flux lines moving between the windings. The absence of 
the iron core provides low values of inductance and limited flux linkages; 
hence, very loose coupling between the coils. Such transformers are used at 
very high frequencie s. They are discussed at greater length later in this course. 
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TRANSFORMERS—ACTION, TYPES, APPLICATIONS 


Voltage Step-Up and Step-Down in Transformers (Turns Ratio) 

One of the fundamental considerations in transformers is the amount of vol¬ 
tage derived from the secondary winding relative to the amount of voltage 
that is applied to the primary winding. If the voltage output from the secondary 
winding is higher than the voltage applied to the primary winding, a voltage 
step-up has taken place; if the secondary voltage is less than the primary 
voltage, a voltage step-down has taken place. Some transformers are de¬ 
signed to furnish both voltage step-up as well as voltage step-down. When 
a transformer is desired with a single secondary winding intended to furnish 
a voltage equal to the primary voltage, the voltage transformation is 1-to-l 
(1:1) and the device is known as an "isolation'' transformer. Its only function 
is to isolate one circuit from the other. 



VOLTAGE STEP-UP 


JL 100 

TURN 

ion T PR,MARY 
J. U N * 100 

Volts | p 
60 CPS —— = 


2000 : 
TURN | 

SECONDARY! 
N s = 2000 


VOLTAGE STEP-DOWN 


=- E, 


IOO 
i TURN 


SEE 1 


120 T PR,MARY 

VOLTS N P = 100 


60 CPSe 


—- 1 —-—. «- 

20 L 

TURN < 

SECONDARY^ E= p. 


N s = 20 



TURNS RATIO 20:1 


TURNS RATIO 1:5 



Whether the secondary voltage exceeds the primary voltage or is less than 
the primary voltage is determined by the turns ratio between the secondary 
winding and the primary winding. This is expressed as an equation as follows: 

secondary voltage _ number of turns in secondary winding ; Es _ Ns 
primary voltage number of turns in primary winding Ep ~ Np 

As you can see, the secondary-primary turns ratio equals the secondary- 
primary voltage ratio. When the number of turns in the secondary (Ns) ex¬ 
ceeds the number of turns in the primary (Np), or N s is greater than N p , a 
voltage step-up occurs. When the reverse is true, a voltage step-down occurs. 
The actual voltage derived from the secondary winding is equal to the product 
of the secondary-primary turns ratio and the voltage applied to the primary. 
_?? above assumes perfect (100%) coupling between primary and secondary. 

is is seldom the case. However, in some power transformers, coupling 
is almost perfect. & 



Current Turns Ratio 


The secondary-primary turns ratio determines the amount of primary current 
that will flow for a given secondary current. You have learned that the more 
the number of turns (N) in a coil through which a current (I) in amperes is 
flowing, the greater the number of flux lines that are established by the cur¬ 
rent. The product of the number of turns and the current (or N x I) was iden¬ 
tified as the ampere-turns. In the ideal transformer, the numberof ampere- 
turns in the primary equals the number of ampere-turns in the secondary. 
Imagine that you are working with a loaded transformer in which the primary 
winding has 100 turns and the secondary winding has 2000 turns. The secon¬ 
dary-primary turns ratio then is 2000/100 = 20. If the secondary load current 
is 0.2 ampere, the secondary ampere-turns are 2000 x .2 = 400. For the 
same number of ampere-turns to exist in the primary of 100 turns, the pri¬ 
mary current must be increased in the same proportion as the secondary¬ 
primary turns ratio . This ratio is 20; hence, the primary current must be 
20 times greater than the secondary current. The self-regulating action of 
the primary winding establishes the primary current at the required value. 



The Primary-Secondary Current Relationship 

IN A VOLTAGE STEP-UP TRANSFORMER 


Assume 

I^ 0.2 amp load current 


TURNS RATIO = = 2000/100 = 20 

then 

_5. X Ic = * 0.2 = 4 amperes 




v>; 


N, 


100 




PRIMARY AMPERE-TURNS = N p x I p - 100 x 4 _ 400 
SECONDARY AMPERE-TURNS = N s x l $ = 2000 x 0 2 = 400 


<iV) 



N 4 


10 

turns 


IN A VOLTAGE STEP-DOWN TRANSFORMER 


Assume 

2 amps load current 


TURNS RATIO = N $ / N p = 10/100 = 0.1 
then fs| j 

1 P = "n^ Xl S = lS X2=0 ’ 1X2 = 0 ' 2 ornp.re 
PRIMARY AMPERE-TURNS = N p x I p = 100 x 0.2 = 20 
SECONDARY AMPERE-TURNS = N $ x I s = 10 x 2 = 20 



The same conditions hold true when the secondary winding has fewer turns 
than the primary winding. In this case, the equality of ampere-turns is gained 
by the higher current in the secondary of fewer turns , and the lower current 
in the primary of more turns . Thus, the primary-secondary current ratio 
is opposite to that of the primary-secondary voltage ratio . A 1:10 voltage 
step-up transformer will exhibit a 10:1 current step-down characteristic. 
We see that E x I in the primary will equal E x I in the secondary. In short, 
primary power equals secondary power. 
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TRANS FORME RS - - AC TION, TYPESf* APPLICATIONS 


Current Transformation (Power) 

A transformer is not a generator of electrical power; its primary circuit 
absorbs power from a voltage source audits secondamy circuit delivers power 
to a load. Assuming an ideal transformer with a resistive load in the secon¬ 
dary, the power absorbed by the primary equals the power consumed by the 
secondary” (In practice, the power consumed by the secondary is slightly 
less than that absorbed by the primary, the difference being due to electrical 
losses in the transformer, as will be explained later.). 


f 


IN THE 100% EFFICIENT TRANSFORMER... 


% 



SECONDARY 


l s\ 


I i- 

E- Power 
S OUT R 

I- 


E s x I s 


—the pewf abmbed by the ptimty = the powet delkend by the seemdaty 
When the amount of the amount of primary When the secondary the primary 


load current increases current increases 


power increases 


power increases 


t 


t 


And the same is true in the reverse direction 


The ideal input-output power relationship is stated as: power (in watts) in 
primary = power (in watts) in secondary, or Pp watts = Ps watts. Since pow¬ 
er is equal to voltage times current (E x I), the power relationship can be 
re stated as: Ep x Ip = Es x I s . Assume a loaded transformer with a 1:1 turns 
ratio. Then, the primary voltage Ep and the secondary voltage Eg will be 
equal. Whatever the secondary load current I s may be, the primary current 
Ip will adjust itself to the same value so as to satisfy the condition Eplp = Esls, 
and the power is the same in both circuits. If the load on the secondary is 
changed, thereby changing secondary current I s , the primary current Ip will 
readjust itself to be equal to Is. For any amount of power delivered by the 
secondary within the capabilities of the transformer, the primary circuit be¬ 
haves as a self-regulating system in which the current changes in value so 
that the primary circuit power equals the secondary circuit power. The pri¬ 
mary current change is the result of the increased or decreased action of the 
secondary current flux lines on the primary current flux lines; hence, on the 
emf self-induced in the primary. 
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TRANS FORMERS--ACTION, TYPES, APPLICATIONS 


Multi-Secondary Winding Transformers 


A broad category of iron-core transformers is known as ’’power transfor¬ 
mers. ” They have several secondary windings and a single primary winding 
which is common to all the secondaries. The purpose of these transformers 
is to supply a number of ope rating voltages required by radio communications 
equipment. Sometimes, as many as two voltage step-up secondaries and 
three voltage step-down secondaries are part of the same transformer. The 
voltage derived from each secondary winding is independent of the others, its 
amount being determined by the individual secondary-common primary turns 
ratio. 


VOLTAGE RATIOS in MULTI SECONDARY 


I p 

120 

volts {“Np • 
/ X #120 P 
ft turns 



r • Nn 12 

E S1 Eci = -rr 1 x Ep = X 120 = 12 volts 
j 58 Np r 120 ' 


P = 4 ?? x 120 = 600 volts 


E I c _ n S2 v _ 

52 E S2 - Np E r ~ 12 o 

r S3 < -► N 

fcS3 N S3 6 turns^ Ess E S3 =-|^>c E, 


I 54 4—► ^ 

l— ----- y* -1 N54 £ 

| f* S 4 NS 4 6 turns g E S4 E S4 = X E p = x 120 = 6 volts 


120 


x 120 = 6 volts 


POWER DISTRIBUTION in MULTI-SECONDARY WINDINGS 


120 

volts 


Ip 

——p 


t_ 


£ 


is 1 


12 volts <£b 2 amps = P wa tts = 12 x 2 = 24 watts 


S2" 


S2 


600 volts @)0.1 amp = P watts = 600 x 0.1 = 60 watts 


JtS3 


£ S3 ^ 6 volts <3) 4 amps = P W atts = 6 x 4 = 24 watts 


IS4«—» 

S4 ^ 6 v olts <p) 1 amp = Pwatts — 6 x ] = 6 watts 

Secondary winding powers are additive and equal to primary power. 

P primary = P S1 + P S2 + P S3 + P S4 = 24 + 60 + 24 + 6 = 114 watts 


Concerning the jfcwef- consumed by the secondary windings relative to the 
power absorbed by the primary winding, if we assume the ideal case, the 
power in the primary equals the arithmetical sum of the power delivered by 
each of the secondary windings, or Pp = Psl + Ps2 + Ps3- I * 1 the practical 
case, the primary power may be from 5 to 10% higher than the sum of the 
power delivered by the secondary windings, this much being wasted as elec¬ 
trical losses in the transformer. 
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TRANSFORMERS—ACTION, 


APPLICATIONS 


Tapped Primary and Secondary Windings 

Some types of iron-core transformers have a multi-tapped primary winding 
and a centertapped secondary winding. A tap is simply a wire connection 
to the winding. Usually, for convenience, it is joined to a terminal. The 
tapped primary is a continuously wound coil that affords a selection of the 
number of primary turns which are active during thd operation of the trans¬ 
former. It permits the use of the transformer over a range of primary volt¬ 
ages for a given secondary voltage. Assume a transformer that is rated 1200 
volts from one secondary winding (SI) and 6 volts from another secondary 
winding (S2) with 120 volts a-c applied to the primary. Winding SI has 1000 
turns and S2 has 5 turns. To satisfy the above voltage Conditions, the pri¬ 
mary must have 100 active turns. Now suppose that the available primary 
voltage is only 110 volts. If this voltage were applied to the transformer, the 
two secondaries would deliver less than the required 1200 and 6 volts. But 
if we increased the secondary-primary turns ratio by the correct amount, it 
would compensate for the reduced primary voltage. The taps on the primary 
permit such a change in turns ratio to allow for the condition when the primary 
voltage is either lower or higher than the rated optimum voltage. (See A). 


a) Tapped primary affords changes 
in secondary-primary turns ratio. 


? - 120 V- 

«-* t f||QV- 

I 1 1 T *-|00V- 

109 92 y UUV . 

TURNS,TURNS 
i . i ! 02.5 

iTURNSi 1TURNS 


E S * |^ X Ef> 



REQUIRED 
VOLTAGE 
IS 1200 
VOLTS 


k REQUIRED 

.* VOLTAGE 

6 TURNS ^ IS 6 • 


^b) Centertapped secondary affords equal voltages on 
each side of the centertap. 


C)The centertap has a relative dual 


120 ' N EQUALS P 

VOLTS r* 100 TURNS 


The current is the '! 
same in each half of 1 
a centertapped winding' 

polarity. 


IH 000 

TURNS 


N * 6 1000 
TURNS 


El ”1200 
VOLTS 



E2-I200 

VOLTS 


CENTER 
' TAP* 


TOTAL E IS 
El + E2 OR 
1200 +1200 
■2400 VOLTS 


|j, t 5 £3»« j 

,J& M 8+8 T us 



The centertapped secondary (B) is simply a means of achieving equal volt¬ 
ages on both sides of a common reference point--the centertap —to suit cer¬ 
tain operating conditions. The voltage available from each half of the wind¬ 
ing relative to the primary voltage is determined by the turns ratio between 
each half of the winding and the primary. At any one instant, the polarity of 
the voltage available from the whole centertapped winding is 180° out of 
phase with the primary polarity, but the centertap behaves as if it has a dual 
polarity (C). With respect to the centertap, the secondary provides two equal 
voltages 180 out of phase with each other. 
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Transformer Losses 

We have stated that the transformer can be made almost a 100% efficient de¬ 
vice. There are, however, certain inherent losses in a transformer that can 
be minimized but never completely eliminated. The most apparent losses are 
called copper losses . Since the primary and secondary are wound with many 
turns of copper wire, there will be wasted i2r losses. This accounts for the 
secondary voltage being slightly lower under load than when unloaded. These 
losses are reduced by using the largest practical cross-sectional area wire. 


Hysteresis losses are due to the lagging of the magnetization and demagne¬ 
tization of the soft steel core behind the alternating current in the circuit. 
The atoms of the core material must keep changing polarity, and a sort of 
frictional loss is developed. The use of material such as soft silicon steel 
for the core greatly reduces hysteresis losses. 



TRANSFORMER LOSSES 


EDDY CURRENT LOSS 


(reduced by using laminated core) 


Large 

circulating 

current 



core 



Magnetic core materials cause additional transformer losses because, as 
conductors, small short-circuited currents called eddy currents are induced 
in them. To reduce these currents, transformer cores are laminated. Each 
lamination (strip) is sprayed with an insulated coating so that the d-c resis¬ 
tance between them is very high. The strips are then pressed together to 
form the core. 

A source of inefficiency stems from the fact that all the lines of flux produced 
by the primary and secondary windings do not move through the iron core — 
some leak directly out of the windings into space and do not link the windings. 
This is known as flux leakage. Another core inefficiency occurs during core 
saturation. Above a certain point, an increase in magnetizing force causes 
no additional magnetization. Thus, more magnetizing current is being used 
than required, resulting in a loss in efficiency. 
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TRANSFORMERS - -ACTION, TYPES, APPLICATIONS 


The Autotransformer 

The iron-core autotransformer differs from the multi-coil device we have 
been studying. Its operation, as before, depends on flux lines being produced 
bvthe primary current, cutting the turns of the secondary and inducing a vol¬ 
tage. However, its advantage over the conventional transformer is that the 
secondary voltage remains substantially constant when the load on the secon¬ 
dary is changed. However, the disadvantage of the autotransformer is that 
its primary and secondary are part of the source coil; hence, there is no 
isolation of the external circuits that are connected to the primary and the 
secondary. This does not prevent the use of the autotransformer in many 

circuits. 


iiiiiiuiuiiiiiiiiiKmmiiiiimmiiimimii! 

VOLTAGE 
STEP-UP 
DEVICE 


IAUT©TRANSFORMER AS 


iiiHHiiiiiiiiiiiiiiiiiiimiiiiiiiiiimiiiiiiiiii 

VOLTAGE 
STEP-DOWN 
DEVICE 



Turns ratio = 


NS _ 1000 
Np " 100 


Secondary voltage Eg = x E p 


Turns ratio = -r r ~ — ?rx = 0.05 
N p 100 

Ng 

Secondary voltage E g = -jq—X = p 


If E p = 120 volts, E s 


= IP - Qg - x 120 

100 

= 1200 volts 


If E p = 120 volts, Eg 


100 

= 6 volts 


x 120 


When used as a voltage step-up transformer, the entire winding is the secon¬ 
dary and a part of the winding is the primary. When used as a voltage step- 
down transformer, the entire winding is the primary and part of the winding 
is the secondary. Obviously, one part of the winding is always common to 
both the primary and secondary functions. The turns ratio between the secon¬ 
dary and primary portions of the winding determines the output (secondary) 
voltage relative to a given input (primary) voltage, just as in the case of the 
conventional transformer. In this regard, note that a certain number of turns 
is common to both the so-called secondary and primary windings. This does 
not change the usual manner of determining the turns ratio--the secondary 
and primary are considered as if each were separate and individual. Usually, 
taps on the winding per mit changing the secondary-primary turns ratio; hence, 
the output voltage. 
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TRANS FORMERS--ACTION, TYPES, APPLICATIONS 


Transformer Applications 


The transformer truly has an unusual variety of applications in radio com¬ 
munications. We will discuss a few here, and many others will be covered 
during this course when applicable. The most commonly used is the power - 
transformer type. This transformer is used in the power supply of electronic 
equipment to furnish the various a-c voltages necessary for the production of 
d-c voltages, and for the operation of particular circuits. The basic power 
transformer has a single primary winding, with two or more secondary wind¬ 
ings. One secondary winding usually provides high-voltage a-c for the rec¬ 
tifier, and one or more others provide various filament voltages for tubes 
(these terms will be discussed later in the coursej] The high-voltage wind¬ 
ing commonly provides from 400 to 800 volts a-c at currents from 25 to 400 
milliamperes, and is usually center-tapped. The filament windings usually 
provide 6. 3 or 12. 6-volts at 1 to 5 amperes, and 5 volts at 2 or 3 amperes. 


mnmrnMM 

;®lgg§ 

-A ? . dy&m - 

High-voltage 
secondary 
7OO volts 


6.3-volt winding I ^5% 



Typical Power Transformers 




Schematic 






Typical Audio Transformers 


lit 




Another commonly used transformer is the audio type. Designed to operate 
at audio frequencies (20-16,000 cycles), it is usually smaller than the power 
transformer and has a wide variety of functions. These transformers are 
used primarily for impedance matching and, in some instances, for voltage 
amplification. Audio transformers are usually designated by their particular 
application—input transformer, output transformer, microphone transformer, 
modulation transformer, interstage transformer, driver transformer, etc. 
Usually, they are rated by their primary and secondary impedances and cur¬ 
rent-handling capabilities. 


Transformers designed to operate at high frequencies (above audio range) 
are referred to as intermediate-frequency and radio-frequency types, and 
will be discussed where applicable in this course. 
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Impedance Matching 


In the transfer of power from any electrical source of its load, the impedance 
of the load must be equal to. or match the internal impedance of the source 
for maximum transfer of power. From our table, we see how this is so. 
Assuming a 10-volt battery having an internal resistance of 1 ohm, we con¬ 
nect various loads ranging from 0. 25 ohm to 4 ohms. From the calculations, 
it is seen that the greatest amount of power is delivered to the load when the 
load has a resistance or impedance of 1 ohm--the same as the internal im¬ 
pedance of the battery or voltage source. 



generator 
impedance 
10,000 SI 


secondary voltage 


W 


device lor matchjag the impedance of a generator 

sary to connecf a ! be „ cause in . radio work > « “» often neces- 
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Any change of current flowing in a circuit containing inductance produces a 
counter emf which opposes the change taking place. This self-induced 
emf tends to prevent an increasing current from increasing and a de¬ 
creasing current from decreasing. 

Basically, Lenz's law states, "A changing current induces an emf whose po¬ 
larity is such as to oppose the change in current. ” 

The greater the coil inductance, the higher the induced emf, and the greater 
the opposition to the increase and decrease of current in the coil. 

Mutual induction occurs when a changing magnetic field produced by one coil 
cuts the windings of a second coil and induces an emf in the second coil. 

Inductive reactance (Xl) is the opposition presented by an inductance to an 
alternating current. Xl = 2xfL. 

In a series R-L circuit, the voltage drops across R and L are 90° out of 
phase. 

In a circuit containing both inductance and resistance, impedance (Z) is the 
total opposition to the flow of alternating cu rrent, and is a combination 
of Xl and R. It is expressed in ohms. Z =V X L^ + r2. 

Ohm’s law for a-c circuits is: E = IZ; I = E/Z; and Z = E/l. 

The vectorial sum of all the voltage drops in a series R-L circuit is equal to 
the applied voltage. 

The primary winding of a transformer absorbs the input electrical energy 
from a voltage source; the secondary winding delivers the induced output 
voltage to a load. 

The turns ratio between the secondary and primary windings of a transform¬ 
er determines whether the secondary voltage is greater or less than the 
primary voltage. 

The primary-secondary current ratio is opposite to that of the primary- 
secondary voltage ratio! 

In the transfer of power from an electrical source to a load, the load imped¬ 
ance must be equal to, or match, the internal impedance of the source 
for maximum transfer of power. 

REVIEW QUESTIONS 

1. What is self-induction of emf? Describe its action. 

2. Define inductive reactance and give the formula for calculating the Xl of 
a circuit. 

3. Describe the action of mutual induction and tell what its purpose is. 

4. In an inductive circuit, what are the phase relationships between: (1) the 
current and the counter emf it produces; (2) the applied voltage and the 
counter emf; (3) the applied voltage and the current? 

5. What is impedance ? How is it calculated in series R-L circuits ? 

6. What two methods can be used to determine the impedance of a series 
R-L circuit? 

7. State Ohm’s law for a-c circuits. 

8. What is the total current in a parallel R-L circuit equal to? 

9. What formula is used to find the impedance of a parallel R-L circuit? 

10. Give two main functions of a transformer. 

11. What determines whether a voltage step-up or step-down takes place in 
a transformer? 

12. Name three types of losses inherent in a transformer. 
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CAPACITORS AND CAPACITANCE 


Definition, Function, Construction 

An electrical capacitor (also known as a condenser) stores electricity by ac¬ 
cumulating free electrons on a metal surface, and then releases them as a cur¬ 
rent into the circuit of which the capacitor is a part. It can be said that capac ¬ 
itance is a property of a circuit in which energy may be stored in the form of 
an electric field. This capability that we call capacitance is generally desig¬ 
nated by the letter C. Although electrical capacitors are used in many differ¬ 
ent ways (as you shall see), and seemingly for different purposes, every use 
entails the storage and release of electrical energy. This action underlies the 
definition of capacitance — that property of a circuit which opposes a change 
in voltage . This property differs from that of an inductance, which opposes 
any change in current. 


CAPACITANCE IS A PROPERTY OF AN ELECTRIC 
CIRCUIT THAT TENDS TO OPPOSE 
_____ A CHANGE IN VOLTAGE 
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the dielectric is air, id still others n J “ st a few * In some cases, 

m electrical and radio circuits are a rule > ca P aci tors used 

be explained later, the metal parts nfli n manufactured Items but, as will 
have as capacitors. electrical and radio systems often be- 
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Charging a Capacitor 

The action of storing electricity in a capacitor is called charging. The elec¬ 
tricity stored in the capacitor is called the charge. As used here, "charge" 
refers to an amount of electricity being stored, rather than to the fundamental 
particles: the electron and the proton. The action of releasing the stored elec¬ 
tricity is called discharging . For purposes of explanation, let us assemble a 
basic capacitor consisting of two thin sheets of aluminum 10 inches square sep¬ 
arated by air and positioned 1/2 inch apart. Because air separates the two 
active plates (conductors) of the capacitor, the unit is called an air -dielectric 
capacitor. 


m!Hi the uncharged 

mm. -.—. 


CAPACITOR 





there are equal amounts of positive 
and negative electricity on each plate 


one plate has an excess of positive 
electricity; the other plate has an 
excess of negative electricity 



We begin by assuming that the two metal plates are electrically neutral - 
each plate contains equal amounts of positive and negative electricity. The 
capacitor is therefore in an uncharged state. In the process of charging, one 
plate (plate P) of the capacitor is made to give up free electrons and be left 
with a preponderance of positive electricity. The other plate (plate N), is made 
to accept as many free electrons as were released by plate P, and now has 
a surplus of negative electricity. Both electrical conditions are created si¬ 
multaneously. When this electrical condition prevails, the capacitor is said 
contain a charge, or be charged. 
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CAPACITORS AND CAPACITANCE 


Charging a Capacitor (Cont'd) 


capacitor 
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A CAPACITOR 1$ CHARGED BY PLACING A 
DIFFERENCE OF POTENTIAL ACROSS PLATES 


To charge a capacitor. It is necessary to apply a voltage (or difference of po¬ 
tential) to its plates (across its terminals). In other words, the electrical 
energy stored in the capacitor must come from a source of voltage (we show 
a battery). Assume the circuit elements shown. The open switch isolates the 
battery from the capacitor. Then, the switch is closed and the capacitor be¬ 
comes charged from the voltage applied to its plates by the battery. 

The positive terminal of a voltage source is always deficient in free electrons, 
towmf electrons from one plate of the capacitor and leaves that plate 
x ,r «Lth a d eficiency of free electrons ; hence, with a positive charge. At the 
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Building Up Voltage in the Capacitor — Charging Current 

From the instant that free electrons leave one plate and begin accumulating on 
the other, charging current flows, and a difference of potential (voltage) ap¬ 
pears between the plates of the capacitor. (Note that the charging current flows 
first; then, the voltage buildup occurs.) Unless deliberately prevented from 
doing so, the charging (applied) voltage will continue attracting free electrons 
from one plate and forcing them onto the other. This process builds up the 
capacitor voltage until it becomes equal to the maximum value of the charging 
voltage. The voltage built up across the capacitor has the same polarity as 
the charging voltage; consequently, it acts in opposition to the charging volt¬ 
age. When the capacitor voltage equals the charging voltage, the two voltages 
offset each other, and there is no further movement of free electrons (no charg¬ 
ing current). 


CHARGING 
VOLTAGE 
10 V 



Switch is closed and _ 

charging current begins to flow 


Charging current 
continues to flow, 
increasing potential 
difference between 
capacitor plates 


When charging voltage is applied 
across capacitor, charging current 
flow until difference of potential 
K between capacitor plates equals 
* \ charging voltage. 
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DIFFERENCE 

OF 
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= 10 V 


There is a limit to how much voltage can be built up across a given capacitor 
by a given charging voltage. The capacitor voltage cannot exceed the maximum 
value of the charging voltage at any time . But it is possible to subject a ca¬ 
pacitor which has been charged by a lower value of charging voltage to an in¬ 
creased value of charging voltage. The capacitor voltage then rises to the 
higher value. The ability to charge a capacitor to higher and higher values of 
voltage is not without limitations. This limitation arises from a construction-: 
al characteristic of the capacitor. Every capacitor has a maximum d-ework ¬ 
ing voltage rating (which will be explained later). For the present, let us say 
that the capacitor voltage rating sets the limit on the highest value of chargir 
voltage that may be applied to the capacitor. 






2-64 


CAPACITORS AND CAPACITANCE 


Demonstrating the Voltage across a Charged Capacitor 

When a charged capacitor is disconnected from the charging voltage source, 
the charge remains in the capacitor. If the capacitor is very "good, ” it 
retains its charge for a long period of time, during which time a voltage will 
be present across its terminals. This is not the usual way in which capac¬ 
itors are used in electrical and communication systems, but this capability 
does have its uses. 

Assume that a capacitor is connected to a 110-volt d-c charging source by 
means of a single-pole double throw (spdt) switch. After the lapse of suffi¬ 
cient time (a short interval) to charge the capacitor fully, the switch is 
opened, thus removing the capacitor from contact with the charging circuit. 
To prove that the capacitor is charged and that a voltage exists across its 
terminals, we connect an ordinary 40-watt, 110-volt household electric light 
across the capacitor by closing the switch. The instant the switch is closed, 
the lamp glows brightly for a moment. The electrical energy required to 
light the lamp was obtained from the charged capacitor. The voltage across 
the terminals of the charged capacitor overcomes the resistance of the lamp 
filament (and the connecting wires), and allows the surplus free electrons on 
the negative plate of the capacitor to behave as current and move to the posi¬ 
tively charged plate of the capacitor through the filament. This action dis¬ 
charges the capacitor. The movement of the free electrons from the 
negatively charged plate of the charged capacitor constitutes a discharge 
current; this is accompanied by a fall of voltage across the capacitor to 
zero. After this discharge, the filament no longer glows, because there is 
no flow of electrons (current) through the lamp filament. 
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The Electric Field between the Capacitor Plates 

You have learned that every fundamental particle of electricity — each 
electron and each proton — is inseparably associated with an invisible region 
of energy that exists all around the charge. The zone of energy is referredto 
as an electric field made up of electric lines of force. 
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Arrows between plates represent ELECTROSTATIC 
LINES OF FORCE which make up 
ELECTROSTATIC FIELD between plates. HELD 
STRENGTH is proportional to POTENTIAL 
DIFFERENCE between plates. 


Beginning with the first instant after the flow of charging current (the 
appearance of a positive charge on one plate of the capacitor and a negative 
charge on the other), an electric field is developed between the two charged 
plates within the space between the plates. This field is between the posi¬ 
tive charges on the positive plate and the negative charges on the negative 
plate. As more and more electrons are removed from the plate and more 
and more electrons are added to the negative plate, the lines of force in¬ 
crease in number, indicating increased field intensity. This action accom¬ 
panies the rise in voltage. When the capacitor voltage has reached its maxi¬ 
mum value, the field intensity has reached a maximum, and remains as long 
as the charge given the capacitor remains unaltered. The energy stored in 
the capacitor is in the electric field. 
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Discharging a Capacitor 


All of the electricity stored in a theoretically perfect capacitor can be re¬ 
covered from it by providing a suitable electrical conducting path between 
the terminals of the capacitor. Such a current path is called a discharge 
path. The electric light filament referred to previously formed such a path. 
Whether the energy taken out of the charged capacitor is used or wasted is a 
function of the electrical makeup of the discharge path. The usual discharge 
path is the circuit connected between the terminals of the capacitor. It is 
never the battery which serves as the charging voltage source. 



Resistance placed across 
charged plates of 
capacitor provides path 
for discharge current. 

discharge current 


neutral 
plates 
(no charge) 



When fully discharged, 
capacitor plates are 
electrically neutral, and 
no discharge current flows. 


CAPACITOR DISCHARGES WHEN THERE IS A 
DIFFERENCE OF POTENTIAL BETWEEN PLATES 
AND A COMPLETE EXTERNAL PATH 
_ BETWEEN CAPACITOR TERMINALS 


°* ree °Tering the energy stored in a charged capacitor is re- 
° 33 SIP,charging the capacitor. During discharge, the surplus free 
cm n ne , gative ly charged plate move toward the positive charges 

cluu L ged P late via the discharge path. This movement oi 
oositivp Jh^ 0nS ** duces . the negative charge on the negative plate and the 
teittg disehart-^ n * ^ 5? Sltlve plate * Since the movement of free electrons 
SS2 * — ected raotion J it is actually a current, and is re¬ 

petitively chLg ^pStesr r tW fl7 he f°+l S °j ChargG ° n the negatively anC 
voltage oriMnaiwv^,?!* 68 by the flow of the discharge current causes the 

a P aCr ° SS the ca P aci tor plates to decrease. When al 
positively charged p^e* ttnsTv- negatively charged plate to th< 

is no further charee in the ~» 8 both plates electrically neutral. ther< 

“ r °- The capacitor is^hen &llv V ° Uage across its terminals l! 





CAPACITORS AND CAPACITANCE 


2-67 


Charging a Capacitor from an A-C Voltage Source 

A capacitor can be charged as readily by an a-c voltage as by a d-c voltage. 
However, the constantly changing amplitude and periodic polarity reversal 
of the a-c voltage point up many interesting capacitor characteristics. 
Assume a sine waveform voltage from an a-c source. The charging voltage 
starts at zero amplitude and increases in a positive direction. The first in¬ 
crease in charging voltage results in the flow of maximum charging current. 
The instant charge is applied to the capacitor, a voltage, or potential dif¬ 
ference, starts building up across the capacitor. As the charging voltage 
increases in amplitude, more and more charge is added to the capacitor by 
progressively decreasing amounts of current. The decrease in current is 
due to the increased bucking action by the voltage (sometimes called counter- 
voltage) building up in the capacitor. When the charging voltage reaches its 
peak value, there is zero charging current and maximum voltage built up in 
the capacitor. ~ 
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Having reached its peak positive value at the end of the first quarter-cycle 
(90°), the charging voltage begins to decrease in amplitude. At the first 
instant of decrease, the voltage built up across the capacitor exceeds the 
value of the charging voltage source. The voltage in the capacitor begins to 
fall as charge decreases. Note that the flow of discharge current began 
first, followed by a fall in capacitor voltage. Similarly, the charging current 
flow was ahead of the rise in capacitor voltage. The time sequence between 
the charging current and the rise in capacitor voltage, and between the dis¬ 
charge current and the fall in capacitor voltage, is described by saying tha 
the capacitor current leads the capacitor voltage by a quarter-cycle, or 9 
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Voltage and Current Phase Shift in a Capacitor 

o C fX e lL n f V ° lta i e variations in the capacitor during the positive half-cycle 

course h ^f g 1 V °-J age K repeat themselves durin S the negative half-cycle. Of 

rection erfZS % chan g e . in + ^arging voltage produces changes in the di- 

itor hut tho Qif at l 1 aad m the Polarity of the voltage across the capac- 

cvcle b fThfa PhaSG dlf f er f nce between I and E is constant throughout the 

rem*™hi? IL,\u Unp0rtant point to remember.) It is also important to 

is mSit^t j 16 capacitor char S e is zero when the current in the circuit 

rmT^r^rr^ , d ~ ax ^ mu ? 1 . when the current is zero. Therefore, the charge 

ever papa ?. ltor 1S said to lag_ the current through it by 90°. How- 

fhLliL off th t bu:lldlag up and falli ng off of charge is the building up and 

rent through 7t hv Sn ° he I° ltage across the capacitor is said to lag the P cur- 
rent through it by 90 , or the current is said to lead the voltage by 90°. 

cic^it^s C ^i?ai tn+H' We v n 2 W that the sum of the voltage drops in a series 
capacitor is h v ^ f the + . applied voltage. Therefore, the voltage across the 
out of nHaco* .^efmition, a voltage opposite to the applied voltage, or 180° 

voltage is zero ^h^f applied voltage. Thus, when the applied or charging 
mum g there . 1S no opposition, and when the applied voltage is maxi- 

the c’anacTtor ° pposition “ a voltage produced by the charge on 

follows the form 2 J ariatlon m ebavge on the plates of the capacitor also 
any Jive^cfn^to sine wave and is in phase with the voltage, since for 
ny given capacitor, the voltage across it depends directly on the charge. 
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Unit of Capacitance — the Farad 

Tlie unit of capacitance is the farad, named in honor of Michael Faraday, the 
s cientist who advanced the concept of electromagnetic induction. The number 
of electrons entering and leaving the capacitor plates depends upon the free 
electrons available and on the applied voltage. If the applied voltage is high, 
the forces of attraction and repulsion are great, and the charge deposited on 
the plates is also great. It was discovered that for a given capacitor, the 
ratio between the amount of this charge and the voltage causing it is always 
a constant. Therefore, the ratio of the charge (Q) to the voltage (E) is con¬ 
sidered to be a measure of the capacitor action, called capacitance (C). The 
formula for capacitance is: C = Q/E. 

By definition, a capacitor has a capacitance of 1 farad if a 1 -volt difference 
in potential results in the storage of 1 coulomb of charge. One coulomb 
represents a quantity of 6.28 x 1018 electrons (6,280, 000 , 000 , 000 , 000 , 000 ). 
ITor practical purposes, a capacitance of 1 farad represents a fantastically 
large capacitance. As a practical matter, capacitors used in radio com¬ 
munications are measured in terms of microfarads (one-millionth of a farad, 
ptf) and micromicrofarads (one-millionth of a millionth of a farad, upf). 


Suppose we find the capacitance of a capacitor when the charge (Q) stored is 
O- 001 coulomb and the voltage is 1000 volts. By applying the above formula, 
C = Q/E, we obtain 0.001/1000, or 0. 000001 farad. We call this 1 microfarad. 



C (capacitance in farads) = 


Q (charge in coulombs) 
E (voltage in volts) 
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Factors Determining Capacitance Area and Plate Separation 


THE CAPACITMCE OF A CAPMIWR... 
M&BBSitSifhe ability fa state aa eleettieal ehatge... 


Area (and capacitance) 
can be increased by 
interleaving plates 


i ui 



...varies directly with 
plate surface area 





varies inversly with 
the distance between 
plate surfaces 



Given capacitance 
Greater capacitance 
Smaller capacitance 


—|**—distance between plates 


Three factors determine the capacitance of a capacitor: the area of plate 
surfaces; the distance between the plates; and the material used as the in¬ 
sulation or dielectric between the plates. The capacitance of a capacitor is 
related directly to the surface area of the plates. Given a fixed dielectric 
material and distance separating the plates, the capacitance is directly pro¬ 
portional to the area of the plates. The greater the area, the greater the 
amount of electricity (charge) which can be stored in the capacitor. This 
follows from the condition that the greater the area, the more the number of 
free electrons available for charging. Doubling the surface area, with 
everything else being fixed, doubles the capacitance; halving the area pro¬ 
duces half the capacitance. We shall see that different capacitor designs give 
various capacitance values in the same physical space. 

Assuming a capacitor with a given plate area and dielectric material, the 
closer the facing plate surfaces are to each other, the greater the capaci¬ 
tance. This is an inverse proportion. Halving the area of separation 
doubles the capacitance; doubling the area of separation halves the capaci¬ 
tance. The reason for this is that the closer the facing surfaces are to each 
other, the more strongly the unlike charges on the surfaces are attracted 
towards each other. This tends to concentrate the free electrons on the 
negatively charged surface nearest to the positively charged surface, thus 
allowing more negative charges to be crowded onto a plate or plates of a 
given ar ea. 

There is a limitation to the permissible closeness of the active surfaces to 
each other, regardless of the separating medium. If the voltage built up 
across the capacitor exceeds the voltage rating of the capacitor (as explained 
later), electrons may be pulled away from the negatively charged surfaces 
and leap to the positively charged surfaces inside the capacitor. This action 
discharges the capacitor and may destroy it. 
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Factors that Determine Capacitance Dielectric Constant 

Given a capacitor with plates of a certain area and separated from each 
other by a specific distance, its capacitance is a function of the kind of 
material used for the dielectric. The standard of comparison is dry air, 
which is considered as having a dielectric constant (K) of 1. The dielectric 
constant of a vacuum differs so little from air that both are considered equal 
to unity. Dielectric constant is the ability of a material or medium to permit 
the establishment of electric lines of force between oppositely charged 
plates. Many materials will support more electric lines of force in a given 
space than air; these are said to have a dielectric constant greater than 1. 
Dielectric constants vary considerably. As examples, various types of mica 
have dielectric constants of from 5 to 9, and some forms of titanium dioxide 
have dielectric constants of up to 120. Some special kinds of chemical film 
deposits may have dielectric constants as high as 1000 or more. A dielec¬ 
tric (other than air) makes the positively charged surface of a capacitor 
repel more free electrons and the negatively charged surface accept more 
electrons than when air is the dielectric, thus increasing the capacitance. 
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VOLTAGE BREAKDOWNS 
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I When excessive voltage is placed across 
capacitor, electrons are "torn" from orbit 
and current flows through dielectric. 


The dielectric material deserves one further consideration — that of break¬ 
down voltage. While the dielectric is an insulator, voltages across the 
plates of a capacitor may be sufficiently high to ’’tear” electrons out of the 
atomic orbits of the dielectric. When this occurs, the dielectric ’’breaks 
down, ” and arcing occurs between the plates through the dielectric. In many 
instances, this destroys the capacitor, as it is short-circuited. Thus, it is 
important to observe the dielectric strength of a mater ial. A high voltage 
would be needed to break down a vacuum dielectric, but lower voltages 
could break down certain other substances. Thus, the breakdown voltage of 
a dielectric must be considered as well as its dielectric constant. 
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Fixed Capacitors — Paper Type 

The simplest and most widely used form of paper capacitor consists of two 
strips of metal foil rolled up, with strips of paper which have been impreg¬ 
nated with an insulating material (dielectric) placed between them. Im¬ 
pregnating materials generally include various types of oils, waxes, and 
plastics. The type used determines the voltage, temperature, and insulation- 
resistance characteristics of the capacitor. When the capacitor is to be used 
at high working voltages, several layers of insulating paper are used. 



Range: 0.05 — 2 jui 
DCWV: 600 volts 

fBATHTUB WE 



paper dielectric) METALLIZED TYPE 

(sealed in metal tube) 
Range: 0.005 — 2 ju-f 
DCWV: 200-600 volts 


UP TO 18 ,4 AT 150 DCWV 


After the foil and paper strips are rolled up, the protruding ends of the foil 
are crimped over so that the individual layers of each strip are in electrical 
contact with each other. A lead is attached to each end, and an outer cover 
of insulating material is added. The cover is marked with the capacitance 
and working voltage, and a black ring is usually printed around one end to 
mark the terminal which is connected to the outermost layer of foil. In 
paper capacitors, the total capacitance is predetermined by the thickness 
and dielectric constant of the paper and the total of the foil plates. Capaci¬ 
tors are usually marked with a d-c working voltage (DCWV) which must be 
observed. It should be remembered that a-c voltages are spoken of in terms 
Of rms (effective) value, and that the peak value is 1. 41 times the rms value. 
Thus, when connecting a capacitor in an a-c circuit, we must always keep in 
mind the peak a-c voltage that will be impressed across the capacitor plates. 

When paper capacitors are required to have a capacitance of over 1 pf, their 
physical size generally becomes too large for convenient mounting. Under 
such conditions, the capacitor is placed in a metal case filled with insulating 
material and then hermetically sealed. Units of this type are known as 
netted, or bathtub capacitors. 
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Capacitors — Mica and Ceramic 


Tlie mica capacitor consists of a number of flat strips of metal foil separated 
similarly shaped strips of mica. The foil strips serve as the capacitor 
jplates, and the mica acts as the dielectric. Alternate plates are connected 
-together. An electrode is attached to each set of plates, and a terminal or 
lead wire is connected to each electrode. The entire unit is then encased in 
a c °utainer of plastic insulating material. An alternate construction is that 
of the ’’silvered" mica capacitor. In this unit, very thin layers of silver are 
deposited directly on one side of the mica, and the plates are stacked to- 
jsjother so that alternate layers of silver are separated by alternate layers of 
jro.ica. The result is the equivalent of the foil construction. Mica capacitors 
are available in three basic types: molded, molded-case potted, and ceramic- 
case potted. In addition, the "button” type mica unit is very popular. 
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Range: lOOuM-f — 2 pi 
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The basic construction of the ceramic capacitor consists of a ceramic disc 
or with silver or coppe^ plates deposited on the opposite faces of the 

ceramic material. In the manufacturing process, electrodes are attached to 
fixe plates, leads or terminals are fastened to the electrodes, and a moisture - 
proof coating of plastic or ceramic is added. Ceramic capacitors are avail- 
atole in a number of basic shapes. The outstanding characteristic, however, 
is the high dielectric constant of ceramics. Steatite ceramics have a dielec- 
tx*ic constant of 6, magnesium titanate has a K in the region of 16, and 
tosaxium titanate has a K of approximately 1200. Ceramic capacitors have 
8ood stability with regard to temperature and voltage changes. The high-It 
ceramics provide increased capacitance without increased size. 



As In the case of resistors, capacitors are also frequently color coded to 
indicate various capacitor characteristics. The points usually covered by 
color coding of capacitors are: capacitance, capacitance tolerance, and 
temperature coefficient. Some capacitors use color coding to indicate the 
d-c working voltage. 
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cerai “ c i . c T dielectric capacitors bear an electrical rating known as 
coefflcient * K ^ expressed by a number between 0 and 1300, 
or a p * us sig ? (e * ~ 220 or + 30). These designations 

na-H-a nf ™—Sr m c , apacita f lce ^ from the nominal rating per million 

perature P Th^f! P ® r ^ P er degree Centigrade (ppm/°C) rise in tem- 
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N750 0,0001 =\d capacitor would A ^ decrease * For example, an 

0.0001, or 0.075 uMf per degree rise to te^^ re ta capacltance °* 750 * 
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Variable Capacitors 

A variable capacitor affords a continuous variation, in capacitance between a 
fixed minimum and a fixed maximum value. While capacitance can be varied 
by varying plate area, distance between plates, and dielectric material, the 
most popular method is the varying of plate area. In this capaditor, there is 
a fixed set of metallic plates (called stators) mounted on some insulated 
base. Interleaved with these stator plates are the rotor (rotating) plates, 
controlled by a shaft. As the shaft is turned, the rotor plates mesh with (but 
do not touch) the stator plates, providing a variation in capacitor plate sur¬ 
face area. Usually, the entire frame is connected to the stator which serves 
as the grounded or common plates. Where more than one circuit is to be 
controlled, variable capacitors may be ganged to give simultaneous control. 


1(A) COMPRESSION-TYPE ADJUSTABLE CAPACITOR mm 



B) R0TATIN6 PLATE CERAMIC 
TYPE ADJUSTABLE CAPACITOR 


OJ 



ROTOR SHAFT 


VARIABLE CAPACITOR CONSTRUCTION 


METAL END BRACKET7 /-ROTOR SPRING CONTACT 


ROTOR PLATES 


ROTOR / 
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\ 



BSKBSil 
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/ROTOR 
/ SPRING 
/ CONTACT 


ROTOR 

TERMINAL 


CERAMIC BASE 


STATOR^ 

TERMINALS 


-STATOR 

PLATES 


Two other types of variable capacitors are the compression type and the 
rotating plate. The compression type uses two flexible plates which can be 
compressed by a screw. The compression "squeezes" the mica dielectric, 
varying the distance between the plates. In the rotating-plate type, facing 
plates are turned so as to vary the facing plate area, and, therefore, the 
capacitance. 
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The Electrolytic Capacitor 



(A) WET TYPE (B) DRY TYPE 


A very prominent type of capacitor used in electronic equipment is the 
electrolytic variety. In essence, it consists of a positive (anode) metal 
plate (aluminum foil or metal sprayed on cotton gauze, or a porous tantalum- 
oxide powder core) that is immersed in a liquid (wet type) or paste (dry type) 
hath known as the electrolyte. The entire capacitor is contained within a 
metal housing which usually serves as the negative (or cathode) terminal and 
as means of contact with the electrolyte, the other active surface in the 
capacitor. The dielectric is a very thin film (usually aluminum or tantalum 
oxide) which is "forced” on the metal plate. 

At the time the electrolytic capacitor is being made, a d-c voltage is applied 
between the metal container (the negative terminal) and the metal plate (the 
positive, or anode electrode). It causes a relatively high current to flow in 
one direction inside the unit. As a result, a very thin dielectric film is 
formed on the outside of the positive (anode) electrode. As this film forms, 
the current decreases, eventually reaching a minimum. This minimum 
current is referred to as the leakage current. When the forming is com¬ 
pleted, the capacitor is polarized; the metal plate is positive and the elec¬ 
trolyte is negative. The capacitor functions properly as long as the charging 
voltage has a polarity corresponding to that of the capacitor electrodes. 
This is a very important condition; hence, the conventional electrolytic 
capacitor bears polarity designations. The d-c type of unit is not suitable 
for charging by an a-c voltage. Another form of construction is used in a-c 
electrolytic capacitors. These capacitors contain two formed positive elec¬ 
trodes both of which act as either positive or negative electrodes, thus per¬ 
mitting the periodic reversal of polarity of the applied voltage. 
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The Electrolytic Capacitor (Cont'd) 

The electrolytic capacitor offers the advantages of a very high capaci tan ce in 
a small space, and at low cost. Capacitance values available in "electro- 
lytics” extend from as low as 1 microfarad to several thousand microfarads. 
This huge capacitance arises from the extreme thinness of the dielectric 
film which, in effect, means that the active surfaces of the capacitor — the 
metal plate and the electrolyte — are very close to each other. Film thick¬ 
nesses of as little as 0.00001 inch are commonplace. However, the thin 
film introduces a limitation in working voltage. D-e electrolytic capacitors 
of up to perhaps 100 pf have working voltage ratings up to 450 volts d-c. As 
the capacitance ratings increase, the working voltage ratings decrease 
because the dielectric film is thinner; hence, the working voltage must be 
reduced to prevent puncture of the dielectric film. 
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CAPACITORS AND CAPACITANCE 


Connecting Capacitors in Parallel 

When capacitors are connected in parallel, the effect is to produce a total 
capacitance equal to the sum of all the individual capacitances. The reason 
for this is that, effectively, the total plate surface area of each capacitor is 
added, providing a larger total plate area . Since plate area is one of the 
factors that determines the capacitance of a capacitor, connecting capacitors 
in parallel increases the total capacitance. The formula for parallel capac¬ 
itances is: Ct = Cl + C2 + C3 + . . . . Thus, 5~|jf, 10-pf, and 15-pf capac¬ 
itors connected in parallel would provide a total capacitance of 30 pf. 

When capacitors are connected in parallel, the total voltage of the circuit is 
applied across each capacitor. Therefore, no matter how high the voltage 
rating of each capacitor in the parallel hookup, the unit with the lowest volt¬ 
age rating effectively becomes the weakest link and limits the amount of 
voltage that can be applied to the parallel combination. 


Connecting Two Capacitors in Parallel has 
the Effect of Increasing the Total Plate Area 
(capacitance increases) 
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Connecting Capacitors in Series 

Connecting capacitors in series has the effect of reducing the total capaci¬ 
tance to a value less than the lowest capacitance . This is the equivalent of 
connecting resistors in parallel. The reason for the reduction in total 
capacitance when they are connected in series is that effectively, we have 
added together the spacing between the plates of all the capacitors. Since the 
capacitance of a capacitor varies inversely with the spacing between the 
capacitor plates, each series capacitor added to a series string reduces the 
total capacitance. From this, we get the formula for the total capacitance of 
a series circuit: Ct = (Cl x C2)/(C1 + C2). Thus, if a 10-pf and a 15-pf 
capacitor were connected in series, the total capacitance would be: = 

(10 x 15)/(10 + 15) = 150/25, or 6 pf. Where more than 2 capacitors are 
connected in series we can use the formula Ct = 1/[(1/C1) + (1/C2) + (l/C3) 


Connecting Two Capacitors in Series has the 
Effect of Increasing the distance between 
Capacitor Plates (capacitance decreases) 


1 jtf 0.5ju.f 
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Total capacitance of series capacitors: C* = .—. xx 
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Voltage rating of series capacitors equal to sum 
of individual voltage ratings. Each dielectric 


lOjxf 10uf 



200v 400v 


spacing adds to 
voltage rating 

= 5 jif at 600 volts 



When connecting 
elect roly tics in series, 
connect plus to minus, 
as when connecting 
cells in series 


When capacitors are connected in series, the breakdown voltage of each unit 
is added to provide a breakdown voltage equal to the sum of each of the 
capacitor breakdown voltages. Two capacitors having a 600-volt and 1000- 
volt d-c working voltage provide a total safe working voltage of 1600 volts 
d-c when connected in series. Thus, series connection provides a reduction 
in capacitance and an increase in working voltage rating. 
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CAPACITORS AND CAPACITANCE 


Capacitive Reactance (Xc) 

When an alternating voltage is applied to the plates of a capacitor, a certain 
amount of current will flow in the circuit. We recall that when a charge 
builds up in a capacitor, the voltage across the capacitor acts in opposition 
to the applied voltage. The amount of opposition that a capacitor offers to 
the flow of current in an a-c circuit depends upon the capacitance of the 
capacitor and upon the frequency of the a-c voltage source. The greater the 
size of the capacitor, the greater the amount of energy it can store, and the 
more the current that must flow to charge it. In addition, since it takes 
time to charge a capacitor, the lower the frequency of the a-c charging volt¬ 
age, the slower will be the buildup of charge in a capacitor. The net effect 
of all this is to produce a certain opposition to the flow of current. This 
opposition in a capacitive circuit is called capacitive reactance and is 
measured in ohms. 


capacitive reactance (X^ ) 


in ohms* 


in cycles 


2 TV fC 

in farads 


CAPACITIVE REACTANCE h the OPPOSITION TO 
CURRENT FLOW offend by e Cepeeitot in on A-C CMt 



While different principles and effects are involved, the net effect of capaci¬ 
tive reactance on the flow of current in an a-c circuit is the same as that of 
inductive reactance. Whereas inductive reactance is expressed as Xl, 
capacitive reactance is expressed as Xc; both are measured in ohms. In 
addition, inductive reactance varies with inductance and frequency; capacitive 
reactance varies with capacitance and frequency — only inversly. The 
formula for computing the reactance of a capacitor is: Xc = 1/2 v fC, where 
equals 6. 28, f is the frequency of the a-c source in cycles, and C is the 
capacitance of the capacitor in farads. From the formula, we can see an 
inverse relationship between capacitive reactance and frequency and capaci¬ 
tance. As f and C increase, Xc decreases; as f and C decrease, Xc 
increases. 
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Capacitive Reactance — Effect of Change in Frequency 

To illustrate the change in capacitive reactance as frequency changes, 
imagine two sine waveform voltages, El (1 cycle) and E2 (2 cycles), each of 
100 volts peak amplitude. These two frequencies are applied to two identical 
capacitors. Cl and C2. Voltage El rises from zero to peak amplitude (90°) 
in 1/4 second whereas E2 rises from zero to peak amplitude in 1/8 second 
(45°). These time intervals are arrived at by dividing the time duration of a 
single cycle by 4 since there are four quarter -cycles in a complete cycle. 
The time duration for El is 1 second; for E2 it is 1/2 second. 


AS FREQUENCY INCREASES, CAPACITIVE REACTANCE DECREASES 



1/8 second = 90° for voltage E2 = peak x 1 or 100 volts 
1/8 second = 45° for voltage El = peak x 0.707 or 70.7 volts 


Now if we use 1/8 second as the reference time interval for both voltages, 
E2, being the higher-frequency voltage, changes in value more rapidly than 
El. Voltage E2 rises to the peak value of 100 volts in 1/8 second, whereas 
El reaches only the 70. 7-volt level in the same amount of time. Therefore, 
capacitor C2 receives maximum charge, whereas Cl receives less charge. 
For C2 to receive more charge than Cl in the same time interval, it is 
necessary that more current flow into C2 than into Cl. Hence, the capacitive 
reactance of C2 for E2 is less than that of Cl for El. 

We can translate the above action by saying that the faster the rate of change 
of the charging voltage — or the higher the fr equency of the charging voltage — 
the lower the capacitive reactance of any given capacitor. Of course, the 
opposite is true: the lower the frequency, the higher the capacitive reactance. 
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CAPACITORS AND CAPACITANCE 


Capacitive Reactance — Effect of Change in Capacitance 

Capacitive reactance decreases with an increase in capacitance and in¬ 
creases with a decrease in capacitance- Given two capacitors. Cl (1 pi) and 
C2 (5 pi), both subjected to a voltage of 100 volts peak amplitude, the 
larger capacitance can accept more charge. For this to be true when the two 
capacitors are charged by the same amount of voltage in the same amount of 
time, the current flowing into the larger amount of capacitance must be 
greater than the current flowing into the smaller amount of capacitance. 
Hence, the capacitive reactance of. C2 must be less than that of Cl. From 
this, we see that for a given frequency, the larger the capacitance, the 
lower the capacitive reactance; the smaller the capacitance, the higher the 
capacitive reactance. 


THE LARGER THE CAPACITANCE, THE LARGER THE AMOUNT 




OF CHARGING CURRENT. HENCE, THE LOWER THE REACTANCE 



A capacitor blocks the flow of d-c but effectively "passes” a-c. 


We have seen that during the charge and discharge of a capacitor, electrons 
flow back and forth in the circuit, first making one plate negative with re¬ 
spect to the other, and then making the other plate negative with respect to 
the first. It would seem that there is a complete closed circuit in which the 
current is alternating. Actually, of course, the plates of a capacitor are 
separated by an insulator (dielectric). No current flows through the dielec¬ 
tric, but since current flows back and forth from plate to plate, the current 
in a capacitive circuit takes on all the appearances of a closed-circuit 
arrangement. From this, we'often use the expression that "current flows 
through a capacitor. " Of course, this is not so — it only appears that way. 
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Using the Equation for Capacitive Reactance 

Referring again to the equation for capacitive reactance, let us solve several 
typical examples. While doing this, you must bear in mind that we are 
determining the opposition to current due only to the presence of the capaci¬ 
tance. The equation does not involve the resistance of the connecting wires 
or the actual value of the voltage applied. The illustration shows what 
happens when a 0.1-p.f capacitor is used in a 60-cycle circuit. 




mmmmMmm 


lii 


6.28 x so x CU0O0O0O1 
26,500 ohms 
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Leaving the capacitance fixed and doubling the frequency 


l 


2 7T f C 


1 


6.28 x 120 x 0.0000001 
13,250 ohms 



Xc = 
13,250 
ohms 


DOUBLING THE FREQUENCY HALVES THE CAPACITIVE REACTANCE 
Leaving the frequency fixed and doubling the capacitance 


1 


2 7 T fC 


1 


6.28 x 60 x 0.0000002 
13,250 ohms 



X c « 

13,250 

ohms 


DOUBLING THE CAPACITANCE HALVES THE CAPACITIVE REACTANCE 


Given high values of capacitance and high-frequency voltages, capacitive 
reactance can fall to extremely low values, even to the point where the ca¬ 
pacitor behaves as a virtual short-circuit to the voltage. For example, a 
1-pf capacitor subjected to a voltage of 5 megacycles (5, 000,000 cycles) has 
a capacitive reactance of 

X C * 2rfC = 6, 28 x 0. 0.00001 x 5, 000, 000 = °’ 0318 ohm 

On the other hand, if the capacitance value is very low, and the frequency of 
the applied voltage also is very low, the capacitive reactance can become so 
high as to behave like a virtual open circuit to the voltage. For instance, if 
the capacitance is 0.001 uf, and the frequency of the voltage is 5 cycles, the 
capacitive reactance rises to 31, 847, 000 ohms. 
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CAPACITORS AND CAPACITANCE 


Current and Voltage in a Series R-C Circuit 

In any circuit containing both capacitance and resistance, there is a 90° 
phase shift of current and voltage across the capacitance, and no phase shift 
across the resistance. As discussed in inductance, current in a series cir¬ 
cuit is the same throughout and is, therefore, taken as the line of reference 
for both the capacitance and the resistance. Since the voltage across the 
resistance is in phase with the current through it, and the voltage across the 
capacitance is 90° out of phase with this same current, we can see that these 
two voltages are 90° out of phase with each other. 


Current and Voltages in a Series R-C Circuit 

| \ . H •' 7,"•JT- ■.‘CO*'"'’ ■' i \ * , >> 


applied 

voltage 


E 





VOLTAGES ARE 90° 
OUT OF PHASE 

_I 



(current in 



In the illustration, there is a basic series R-C circuit and the curves show¬ 
ing the relationship between the current and voltages across both com¬ 
ponents. The resultant voltage from the two voltage drops which are 90° out 
of phase is the voltage drop for the whole circuit and is, by Kirchhoff’s law, 
equal to the applied voltage. The phase shift of the current in the circuit, 
measured with respect to the applied voltage, is called the phase angle of the 
circuit. 
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Current and Voltage in a Series R-C Circuit (Cont T d) 

The relationship between the applied voltage, the voltage drops, and the 
phase angle of any series R-C circuit may be determined by means of vec¬ 
tors, as shown. The voltage across the resistance is plotted on the hori¬ 
zontal vector, and the voltage across the capacitance on the vertical vector. 

* n !rf these two voltages are 90° out of phase, the angle between them is a 
right angle. By drawing in a parallelogram based on the two sides, the 
resultant vector E becomes the hypotenuse of a right triangle. By using the 
theorem that the square of the hypotenuse is equal to the sum of the squares 
of the other two sides, we get E2 = Er 2 + Ec 2 , or E Er2 + e C 2. 

a ..X E Fn9, R ,s a ndw avef °rms of current 

AND APPLIED VOLTAGE IN A SERIES R-C CIRCUIT 



Since it is known that the current in the circuit is in phase with the voltage 
across the resistance, the direction of the current vector is the same as 
vector Er, the voltage across the resistance. The phase angle 0 then is the 
angle that the applied voltage E makes with vector Er. If the voltage across 
the resistance is large with respect to that across the capacitance, the 
resultant vector will approach the horizontal and the phase angle will be 
small. Similarly, if the voltage across the resistance is small, the resultant 
vector will approach the vertical, and the phase angle will approach 90°. 
Hence, the presence of resistance in a capacitive circuit causes the current 
to lead the applied voltage by some angle less than 90°. The waveforms 
show the relative positions of current, voltage, and the phase angle 6. 
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CAPACITORS AND CAPACITANCE 


Impedance of a Series R-C Circuit 

As stated in our discussion of R-L circuits, the total opposition offered by a 
circuit containing both a reactive element and a resistance is not the simple 
arithmetical sum of the reactance and the resistance. The capacitive react-, 
ance is added to the resistance in such a manner as to take into account the 
90° phase difference between the two voltages in the circuit. To find the im¬ 
pedance of an R-C circuit, w e use the s ame basic formula that we used in the 
R-L circuit; that is: Z = a/r2 + Xc^. In short, the impedance of an R-C 
circuit is equal to the square root of the sum of the squares of the resistance 
and the capacitive reactance. 


HOW TO FIND THE IMPEDANCE (DOF A SERIES R-C CIRCUIT 



0.000377 
2 6 500 . 

Tangent 6 = 



- 

R 

_ 2650 
1000 

= 2.65 

= 69.3* 


1000* +2650 


1,000,000 + 7,023,000 

/ 8,023,000 
2832 O F 


IIP 

5832 

0.0 3 89Ampere, or 
38.9 Milliamperes 


The same result can be obtained by the use of vectors. Since the same cur¬ 
rent flows in C and R, the vectors can be made proportional to the resistance 
and the capacitive reactance. Note that the angle B is the phase angle; 
because the direction of the impedance vector is the same as that of the 
applied voltage vector. This angle may be determined by its tangent, Xc/E. 
The total current in an R-C series circuit can then be determined by the 
formula, I = E/Z. 
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Parallel R-C Circuits 

.We show here capacitance C and resistance R connected in parallel across 
an a-c source. Since this is a parallel circuit, voltage is the same every¬ 
where; thus, all voltages are in phase with each other. However, the current 
through the capacitor leads the applied voltage by 90°, and the current 
through the resistance is in phase with the applied voltage, as shown in the 
waveforms. Thus, the capacitive current leads the resistance current by 
90°, and the resultant current, or total line current, is the vectorial sum of 
these two currents. 


““•“■Voltage and currents in parallel r-c circuit Umil 


assas 


APPLIED' 

VOLTAGE 

E 



I £ leads I g by 90" 



90°~H 


phase displacement 
between capacitive 
and resistive currents 


resistive current 
is in phase with 
applied voltage 




Total Current and Applied Voltage in Parallel R-C Circuit; 



In making vectors for this situation, the current through the resistance Ir is 
laid off on the horizontal vector, and the current through the capacitance 1q 
on the vertical vector. Because the capacitive current leads the resistive 
current, the Iq vector is laid off in the positive direction. The resistive 
current is taken as the reference vector, since it is in phase with the applied 
voltage and represents the direction of the applied voltage. The resultant 
vector Ij- represents the total current in the circuit, and the angle this vector 
makes with the horizontal is the phase angle 6 . The line current, then, is 
said to lead the applied voltage by the angle 0. The tangent of this angle is 
equal to R/Xc. The total current of this circuit is equal to: It = Ir2 + 1^2. 
Thus it can be seen that total current in a parallel R-C circuit, as in d-c 
circuits, is always greater than the current in either branch. 
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Impedance of a Parallel R-C Circuit 


110 v 
60~ 


HOW TO FIND THE IMPEDANCE OF A PARALLEL R-C CIRCUIT 
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2,650,000 
= 2840 


, f Less than 
- 937 ohms | R or Xc 


The impedance of a parallel R-C circuit may be calculated by using the same 
general formula as for finding the total resistance of resistors in parallel. 
Because we are dealing with vector quantities when we discuss R and Xc, we 
cannot add them arithmetically — they must be added vectorially. Thus we 
get the formula for R and C in parallel: 


R XX, 


Z = 


Vr2 


+ X f 


From this, we can see that the total impedance of a parallel R-C circuit 
always is somewhat less than either the resistance or the reactance. 

Indirectly, the impedance also can be found by finding the total current and 
then using the formula Z = E/I. To find the total current, we must first find 
the individual currents that flow in R and in C. This is done by Ohm’s law, 
I = E/R and I = E/Xq: Knowing these currents, the total current then can be 
found by adding them vectorially. For instance, if 3 amperes flow through R 
and 4 amperes flow through C, the vectori al sum of 3 and 4 is 5 a mperes, 
which represents the total current (It = 'v/Ir+Ic^, or 5 = -n/3 2 + 4 2 ). 
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A capacitor is any two conductors separated by an insulating material (die¬ 
lectric). 

Capacitance is a property of a circuit whereby energy may be stored in the 
form of an electric field between two conductors (plates) separated by a 
dielectric. 

Capacitance in a circuit opposes any change in voltage. 

The action of storing electricity in a capacitor is called charging. 

The action of recovering the energy stored in a charged capacitor is known 
as discharging the capacitor. 

In a capacitive circuit, current leads the applied voltage by 90°. 

The ratio of the charge (Q) to the voltage (E) is the measure of capacitive 
action, and is called capacitance. C = Q/E. 

A farad is the unit of capacitance. A capacitor has a capacitance of 1 farad 
if a 1-volt difference in potential results in the storage of 1 coulomb of 
charge. 

A microfarad is one-millionth of a farad; a micromicrofarad is one-millionth 
of a microfarad, or one million millionth of a farad. 

The capacitance of a capacitor varies directly with the plate surface area and 
inversely with the distance between the plate surfaces. 

Dielectric constant (K) is the ability of a material, or medium, to permit the 
establishment of electric lines of force between oppositely charged 
plates. 

Fixed capacitors are distinguished, according to the dielectric material 
used, as paper, oil, mica, ceramic, and electrolytic capacitors. 

Electrolytic capacitors show polarity and are used principally in high-power, 
low-frequency filter circuits up to 600 volts. 

Capacitors connected in parallel add like resistances in series; capacitors 
connected in series divide according to the parallel-resistance formula. 

The opposition a capacitor presents to a-c is called capacitive reactance (Xc); 
the formula for capacitive reactance is Xq = l/27rfC. 

If either, or both, frequency or capacitance increases, Xc decreases, and 
vi ce versa. Impedance of a series R-C circuit is calculated by Z .= 
a/r 2 + Xr ^: impeda nce of a parallel R-C circuit is calculated by Z = 
R x XcA/R 2 + Xc 2 * 


REVIEW QUESTIONS 

1. What is a capacitor ? What is capacitance ? 

2. Describe the action of current flow in a capacitor when a d-c voltage is 
applied. 

3. What factors determine the amount of current flow in a capacitor? 

4. What is a dielectric constant? 

5. Define capacitive reactance (Xc). Give the formula for it. 

6. How does capacitance vary with respect to the area of the plates, the 
distance between them, and the dielectric constant? 

7. Define the farad, the microfarad, and the micromicrofarad. 

8. When does a capacitor discharge? 

9. What two functions are characteristic of a capacitor? 

10. Give the formulas for calculating capacitors in series and in parallel. 

11. Give the formulas for calculating the impedances of series R-C circuits 
and parallel R-C circuits. 



2-90 


POWER IN A-C CIRCUITS 


Resistive, Inductive, and Capacitive Circuits 

The power absorbed by a resistance in a d-c circuit is expressed by P = E 
x I, or by I%t and or by E^R. All lead to the same answer. The power ab¬ 
sorbed by resistance in an a-c circuit is expressed by exactly the same 
equations. When an a-c Voltage is applied to a pure resistance only, power 
is absorbed each instant, regardless of the direction of the current. The 
power consumed during a complete cycle is equal to the effective value of 
current multiplied by the effective value of voltage, shown simply as P = 
E x i. The power curve for current flowing through a resistance is positive 
(power is being absorbed) for each half-cycle of the current; there are two 
positive power loops for the complete cycle of 360°. 


IS PURE RESISTIVE CIRCUIT 




Energy is 

returned 

to-source 


Energy is stored 
in electric field 



I leads E 
by 90° 

m PURE CAPACITIVE CIRCUIT 


CURRENT, VOLTAGE, AND 
POWER IN RESISTIVE, 
CAPACITIVE, AND 
INDUCTIVE CIRCUIT 


Energy is 
stored in 
magnetic field 



If an a-c voltage is applied to a pure capacitance, current flows into the ca¬ 
pacitor during the charging half-cycle. During this interval, the capacitor 
absorbs energy from the voltage source and stores it in the form of an elec¬ 
tric field. Then, during the discharge half-cycle, the capacitor returns all 
of the energy it has stored to the voltage source. Thus, over a complete 
cycle, the power absorbed by the pure capacitance is zero. When illustrated 
by a power curve, the power absorption intervals are shown by positive 
loops, whereas the power return intervals are shown by negative loops. 
There are two power loops (one positive and one negative) for each half-cycle 
of current, or four power loops for a complete cycle. 

A similar" situation prevails when an a-c voltage is applied to a pure induct¬ 
ance. Energy is absorbed during the time the current is building the mag¬ 
netic field around the inductor, and power is returned to the source when the 
magnetic field collapses back into the inductor. As much electrical energy 
is returned as is absorbed; hence the net power consumed by a pure induct¬ 
ance during a complete cycle is zero. 
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Power Factor 

The power consumed in a resistive a-c circuit is calculated in exactly the 
same manner as in d-c circuits (P=|E x I). To get an equivalent answer 
between d-c and a-c, we use the effective (rms) values of a-c voltages and 
currents. However, in inductive and capacitive circuits, the simple power 
formula P= E x I requires further consideration. We saw that, in purely 
inductive and capacitive circuits, all the energy stored in the form of mag¬ 
netic and electric fields was returned to the source on the 2nd quarter-cycle, 
and that the net power dissipated was zero. The practical inductive or ca¬ 
pacitive circuit always contains some resistance, however little. This re¬ 
sistance makes the phase angle between voltage and current somewhat less 
than 90°, and some power will be consumed — none will be returned to the 
source. If we were to measure the current and voltage in an inductive cir¬ 
cuit that contained resistance, we would not get the true power consumed by 
multiplying E x I, because we would be ignoring the partial power of the 
inductor, which is returned to the source. 

When we measure E and I and then find their product, we get the apparent 
power consumed in the circuit. In a purely resistive circuit, the apparent 
power is the same as the true power. However, in an inductive or capacitive 
circuit, we must take into consideration the phase angle between E and I, 
using the formula P = E x I x cosine 0. The use of "cosine 0" adds a power 
factor to our calculations. The cosine of 0° is 1. Thus, in a purely resistive 
circuit where the phase angle between current and voltage is 0°, power is 
simply E x I. The cosine of 90° is 0; therefore, in a purely inductive or ca¬ 
pacitive circuit, the power is E x I x 0, or zero. 


PROBLEM 


X, = 200 Q 



100 Q 


Power in an A-C Circuit is measured by 
P = E * I * cosine© 




SOLUTION 


P = E x I x cosine 0 

= 1.34 x 300 x 
cosine 63.4° 

= 1.34 x 300 x 0.447 
= 179 watts 


Power factor 
(1.34 x 300) , 


True power 
Apparent power 

179 -- 

^ 401 
= 0.447 


Q 


= V 


2 2 
200 + 100 


224 ohms 


e 


i = 


300 

224 

1.34 amperes 


tangent 0 = 


200 

100 


2 or 63.4° 


In all practical circuits containing C and R, or L and R, the cosine of the 
phase angle (0) between E and I enables us to determine the true power con¬ 
sumed by the circuit. By dividing true power by apparent power, we get the 
power factor of the circuit — something between 0 and 1. 
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TIME CONSTANT IN A-C CIRCUITS 


R-L Circuit Time Constant 

When a constant (d-c) voltage is applied to a resistance, the rise in current 
to a maximum value is instantaneous. If an inductance is connected in series 
with the resistance, time elapses while the current builds up to maximum. 
If we could observe the behavior of the current, we would see it rise rapidly 
from zero and then its rate of increase would progressively diminish. After 
a lapse of time, the current would reach a value which for all intents and 
purposes is maximum, equal to I = E/R. The relationship between the rise 
in the current to a given value and the time lapse while it is happening is 
determined by a term known as the time constant. Time constant is a means 
of comparing how rapidly the current in one R-L circuit rises to a given 
value relative to the current in another R-L circuit. Time constant is ex¬ 
pressed in seconds, and is equal to the inductance L (in henries) divided by 
the resistance R (in ohms). The equation is: t = Lhenries/^ohms- If, for 
the moment, we assume L = 1 henry and R = 10 ohms, the time constant 
L/R = 0. 1 second. The time constant varies in direct proportion to L and 
inversely with R. ~~ 

The pattern of the increase in current in an R-L circuit is the same in all 
R-L circuits regardless of the specific values of Land R. When shown 
graphically, it is a singularly shaped curve known as an exponential curve. 
The characteristic of this pattern of change is that in a time equal to 1 time 
constant (It), the current rises to 63. 2% of its maximum value (regardless 
of what the maximum value may be). On this basis, in the numerical example 
given above, the current would rise to 63. 2% of the maximum current in 0.1 
* second. The lapse of time cor re sponding to additional time constants per¬ 
mits current to rise to specific percentages of maximum (as illustrated). 


EXPONENTIAL CURVE OF CURRENT RISE IN R-L CIRCUIT 
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R-L Circuit Time Constant (Cont'd) 

When a constant voltage is removed from a resistance, the current falls to 
zero instantly. When such a voltage is removed from an R-L combination, 
a time lapse occurs before the current decays to zero. As in the case of the 
rise in current, the decay in current follows an exponential curve, except 
that now the curve is an inverted version of the one which showed the rise in 
current. In a time equal to It, the current decreases 63. 2% from the maxi¬ 
mum; i. e., it falls to 36. 8% of the maximum. In time 2t, it decays 86. 4% 
from the maximum to a value equal to 13. 6% of the maximum. As shown in 
the illustration, it decreases to 0.1% of the maximum; i. e., it falls 99.9% 
from the maximum or, effectively, to zero in 5t. 
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How do we calculate the momentary current? It is simple for whole-number 
time constants; for values in between, the chart is most convenient, as dis¬ 
cussed later. Suppose L = 1 henry and R « 10 ohms. The applied voltage is 
10 volts; t is 0.1 second. The maximum current is I = E/R = 10/10 * 1 
ampere. If in constant It (0.1 second), the current rises 63. 2% of maximum, 
it rises to 63. 2% of 1 ampere or to 1 x 0. 632 * 0.632 ampere. In 2t (0. 2 
second), it rises 86. 4% of maximum, or to 1 x 0. 864 * 0. 864 ampere, etc., 
as shown on the previous page until in 5t (0.5 second), it reaches 0.999 
ampere, effectively 1. 0 ampere maximum. As to the decay of the current 
when the voltage is removed, in It (0.1 second) the current falls 63. 2% of 
maximum, or decreases 63. 2% of 1 ampere to 36. 8% of the maximum, which 
amounts to 0. 368 ampere. 
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R-C Circuit Time Constant (Charging) 

When a constant voltage is applied to a capacitance, the voltage built up in 
the capacitor by the charging current reaches the value of the charging volt¬ 
age almost instantly. If a resistance (R) is connected in series with the 
capacitor (C), it tends to limit the amount of charging current and, in so 
doing, causes time to lapse while the capacitor acquires a charge. The 
factor that determines the rise in voltage in the capacitor of an R-C circuit 
relative to time is the time constant of the circuit. The R-C circuit time 
constant is also expressed in seconds, and equals the resistance (in ohms) 
multiplied by the capacitance (in farads). Expressed as an equation, it is: 

t = R x C 

Imagine a C of 1 pf (0. 000001 farad) in series with an R of 1000 ohms. The 
time constant t = 1000 x 0. 000001 = 0. 001 second. The applied voltage is 
100 volts. The buildup of voltage in the capacitor is shown by exactly the 
same shaped curve as illustrated in the current rise of the R-L circuit. In 
It, the current flowing into the capacitor builds the capacitor voltage to 
63.2% of the maximum (the applied voltage), or to 63. 2 volts. In 2t, the 
capacitor voltage rises to 84. 6%; in 3t, to 94.9%; in 4t, to 98.1%; and in 5t, 
it reaches 99.9% (effectively 100%). In voltage values, these percentages 
are 84.6, 94.9, 98.1, and 99.9 (or 100) volts. In 5t, the capacitor is, for 
all practical purposes, fully charged. Given the same applied voltage, but 
an R-C circuit with a t of 0.005 second, exactly the same percentages of 
maximum voltage would appear in the capacitor per time constant as before, 
but now it would require 0. 005 second to build to 63. 2%, and a corres¬ 
pondingly increased time to build to the higher voltage values. 


EXPONENTIAL CURVE OF VOLTAGE ACROSS C IN AN R-C CIRCUIT 
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R-C Circuit Time Constant (Discharging) 

The action during discharge of the capacitor in the R-C circuit is the oppo¬ 
site of capacitor charging. The time required for complete discharge and 
for the capacitor voltage to fall effectively to zero is extended over that when 
no resistance is present in the circuit. The curve which shows the decrease 
of the capacitor voltage is exactly the same as the one which shows the de¬ 
crease in inductor current. It is the inverted version of the curve which 
shows the rise in voltage across the capacitor during charging (see pre¬ 
ceding page). 

The percentage fall of the capacitor voltage from its maximum value relative 
to time is a function of the time constant of the circuit. You have learned 
that the capacitor acquires 63. 2 % of its maximum charge during the first 
period amounting to It. During discharge the capacitor loses .632 of its full 
charge in the first time interval equal to It. Thereafter, during the time 
interval equal to each succeeding time constant, it loses .63 2 of the charge 
still remaining in it. 


IN THE R-C CIRCUIT, THE ACTION DURING 
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Consider the first time interval equal to It. Assume that the capacitor is 
charged to a maximum of 100 volts; it loses 63. 2% of its maximum charge. 
If 100 volts = 100%, the capacitor loses 63. 2 volts of its charge; hence, 
there remains 100 — 63. 2, or 36. 8 volts of charge in the capacitor. In 2t, 
the capacitor loses 63. 2% of its charge, or 63. 2% of the 36. 8 volts that still 
remain in it. Thus, in time equal to 2t, the capacitor loses a total of 88, 4 % 
of the original maximum charge, leaving 13. 6% or 13. 6 volts in the capac¬ 
itor, and so on as illustrated. At the end of 5t, the capacitor has lost 99, 9% 
of its charge, or 99. 9 of the original 100 volts. Effectively, this is con¬ 
sidered as leaving zero voltage in the capacitor. 
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Applying the Universal Time Constant Chart 

We have said that the pattern of current rise in an R-L circuit is the same 
for all values of R and L. The curve that shows the decay of current in the 
R-L circuit similarly suits all values of R and L. The same two curves 
apply to the R-C circuit. The curve that shows the rise in capacitor voltage 
while charging is the same as the one that shows the rise in current in the 
R-L circuit. The curve that shows the fall in capacitor voltage during dis¬ 
charge is identical with the curve that shows the decay of current in the R-L 
circuit. Because of these similarities, the two curves are known as Univer¬ 
sal Time Constant Curves. They are shown on a single chart. The hori¬ 
zontal axis is calibrated in units totalling 5 time constants, whereas the 
vertical axis is divided uniformly in percentages of rise and fall of current 
in the R-L circuit, or rise and fall of capacitor voltage in the R-C circuit. 
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Assume that 100 volts is applied to an R-C circuit, t = 0.1 second. In It, 
the capacitor voltage will rise to 63. 2 volts. What will be the voltage in 
1. 5t? Projecting 1. 5t from the horizontal axis to curve A and its point of 
intersection with the curve to the vertical axis, we see that the capacitor 
voltage builds up to approximately 77. 5% or 77. 5 volts. At 0. 5t, the voltage 
in the capacitor is just under 40% of maximum, or just under 40 volts. How 
low does the capacitor voltage fall in 0. 4t? Using curve B, it is seen to fall 
32. 5% of the full charge to 67. 5 volts. How low does the voltage fall in 2. 6t? 
Using curve B, the answer is approximately 93% of maximum, leaving 7% in 
the capacitor. Hence, the capacitor voltage is 100 x o. 07 » 7 volts. 
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Relationship of L and C in Series (General) 

When an inductance L and a capacitance C are joined end to end, a series 
L-C circuit is formed, as shown in A. Let us assume L to be a pure induct¬ 
ance and C to be a pure capacitance. In other words, the circuit has no d-c 
resistance. In practice, this electrical situation is never realized. The as¬ 
sumption is valid, however, because in most practical cases, the d-c resist¬ 
ance is so little as to be unimportant in the analysis of the circuit. Later, 
we shall discuss the effects of resistance. 

If an a-c E is applied to a series L-C circuit, a current I will flow. Since a 
series circuit offers only one path for the current, the same current flows in 
the inductance and the capacitance — i. e., through the inductive reactance of 
L and the capacitive reactance of C (as in B). The characteristic that limits 
the current in an a-c circuit is the impedance of the circuit. In the series 
L-C circuit assumed to be free of d-c resistance, the circuit impedance 
consists of reactance only — inductive reactance Xl in series with capacitive 
reactance Xq (as in C). 

Inductive and capacitive reactances are, with reference to their opposition to 
current flow, comparable to resistance, although they are different phenom¬ 
ena. The factor common to them is that current flow through a reactance or 
a resistance results in the appearance of a voltage drop across each. Cur¬ 
rent through a resistance results in voltage drop Er = IXr; current through 
an inductive reactance results in voltage drop El = IXl; current through a 
capacitive reactance results in voltage drop Eq = IXc (see D). These volt¬ 
ages differ in one major respect — voltage across resistance is in phase with 
current; voltage across an inductance leads current by 90°; voltage across 
capacitance lags current by 90°. 



L AND C JOINED 
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L and C in Series (Impedance) 

Imagine a circuit in "whichinductance L is 1 henry (negligible d-c resistance), 
in series with a capacitance C of 10 gf : . Applied voltage E is 120 volts, and 
frequency f is 60 cycles. Solving for the reactances: 

Xl = 2idlt = 6.28 x 60 x 1 = 376. 8 or 377 ohms 

*c -gig ° 6. 28 7 BO 1 * 0. 0 0001 ° 265 ~ 3 ° r 26 5 0hmS 

Now how do we establish the circuit impedance ? We find the answer in a 
rule, ’’The impedance of a series L-C circuit having no resistance is equal 
to the difference between the ohmic values of the inductive and capacitive 
reactances. ” Therefore, for our circuit: 

Impedance Z = X;l - Xq 

m 377 - 265 

= 112 ohms (inductive) 

Reactance Xq was subtracted from reactance Xl because Xl was the greater 
quantity. If the situation were reversed, Xl would be subtracted from Xq. 



In an L-C Circuit, Impedance is equal to 
X—Xg or Xg —X depending on which is larger 

In a series circuit, current is 
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the same in all components 
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We illustrate this rule vectorially by arranging the Xl vector pointing up 
from a reference point, and the Xq vector pointing down from the same 
point. The vectors point in opposite directions. If we make each vector 
length proportional to its ohmic value, using the same scale for both, the 
shorter vector can be subtracted from the longer. The remainder is the dif¬ 
ference between the two and is the net reactance, which we call impedance 
(Z). Since Xl in our circuit is greater than Xq, the impedance consists of 
inductive reactance; hence, the Z vector has the same direction as the Xl 
vector. This accounts for the reference, ’’inductive, ” in connection with the 
impedance value. More about this later. 
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Impedance, and Calculating Impedance Problems 

The references to inductive and capacitive impedances (Z) require clarifica¬ 
tion. Where Xl exceeds Xc, Z equals Xl - Xo* With Xq greater than 2Cj,» 
Z equals Xq - Xl- In either case, the remainder (called impedance) ^ 

reactance: in one case, a certain amount of Xl; in the other, a certain 
amount of X^. 

For a given frequency, changes in the values of L and C result in different 
circuit impedances. The same is true if L and C are held constant and the 
frequency of E is varied. For example, assume L = 10 fa (ten times that of 
the previous example) while C = 10 pf (as before). Frequency remains at 
cycles. Impedance is as shown in A. 

Now reduce capacitance by making C = 1 pf (a tenfold decrease), and restore* 
L to 1 h. Frequency stays at 60 cycles. Impedance now Is as shown in B« 

Compare this amount of impedance with the example on page 2-98 (112 ohms 
Inductive). Reducing C increases Xc so that it exceeds Xl* The circuit 
impedance therefore becomes capacitive. 

Now change E from 60 to 160 cycles. Everything else stays as In the ex¬ 
ample immediately above. Impedance is as shown in C. 

Changing frequency causes the two reactances to approach equality. Kach 
individual reactance remains relatively high, but impedance has fallen to 19 
ohms. In certain special cases (resonance), this net reactance can fall to 
zero. Lower frequency to 40 cycles, leaving everything else as above (f>). 

A study of these examples shows that the impedance can be low, medium, or 
high, and inductive or capacitive, depending on the values of L, C, and t. 


CALCULATIONS OF IMPEDANCE IN SERIES L-C CIRCUITS 
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Calculating Current Problems 

Given any value of circuit impedance for L and C in series, and knowing the 
applied voltage, the circuit current can be computed by applying Ohm’s law 
for a-c. The equation is: I = E/Z, where E is the applied voltage, and Z is 
the circuit im pedance. If you examine the equation, you can see that current 
varies in direct proportion to the applied voltage, and in inverse proportion 
to changes in Z. The latter relationship is shown in the different examples 
on this page. 

The values of L and C, E, and f, as well as the current used in the examples, 
are not typical of series L-C circuits found in radio receivers. L and C 
usually are much smaller, as is the current. The values used here were 
selected because it was felt they helped to clarify the discussion. 


CALCULATING CURRENT 
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Analyzing the Distribution of Voltage 


The Distribution of Voltage in Series L-C Circuits 
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In the circuit under discussion, El = 403 volts and Ec = 283 volts. Note that 
both of these are higher than the applied voltage, which is 120 volts. How 
can this be? It does happen in series L-C circuits; in fact, one or the other 
of these two voltages is always higher than the applied voltage, and, as shown 
in this example, both can be higher. The reason is that for any given circuit 
current, the individual voltage drops are determined by the individual re¬ 
actances. The higher the reactance for a given current, the greater the in¬ 
dividual voltage developed across it by the current. It is a characteristic of 
series L-C circuits that very high voltages can develop across L and C. 

Let us analyze the voltages in the circuit discussed on page 2-98. As the 
result of current flow through L and C, a voltage E = IXl appears across L, 
and a voltage Eq = IX^ appears across C. Substituting the circuit values in 
the equations for El and Ec, we get: 

E t = IX T = 1.07 x 377 = 403 volts 
JL JL 

E c = IX C = 1. 07 x 265 = 283 volts 

Several si gn ific an t details are associated with these two circuit voltages: 
each is independent of the other; each is measurable with a suitable volt¬ 
meter. Also, voltage El leads circuit current I by 90°, while voltage Ec 
lags I by 90°. If we show these two phase relationships in a single vector 
presentation using I as the reference vector, it is seen that El and Ec are 
180° apart. They thus tend to offset each other in their effects on the circuit. 
This leads to the conclusion that the voltage present across the series L-C 
circuit as a whole (i. e., across the series combination of L and C), is the 
difference between the two voltages. In this instance, it is El “ Ec, or 403 - 
283 = 120 volts (the applied voltage). Since the current flowing through im¬ 
pedance Z develops the same voltage as the voltage difference between El 
and Ec, we can conclude that the voltage across the circuit impedance 
always equals the applied voltage. 
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Calculating the Impedance 

The practical L-C circuit really is a series L-C-R circuit. The R is the 
inherent d-c resistance of the connecting wires and of the coil itself. The 
ohmic value of R equals the total d-c resistance of the circuit. 


When R is a substantial quantity, the manner of determining impedance is 
different from when R is negligible. The net reactance of Xl and Xc must 
be determined, to which the circuit resistance is added. But this cannot be 
done by simple addition because the voltage and current relationships in the 
reactance differ in phase by 90°, while they are in phase in the resistance. 
To calculate the circuit impedance, the net reactance and the resistance 
must be added vectorially. We can do this us ing the right triangle relation¬ 
ship expressed by the equation Z ='\/r2T+ x 2 , where X is the net reactance 
and R is the d-c resistance. Because the net reactance is the difference 
between Xl and Xc, the equation is ch anged to read Z = a/r2 + (Xt. - Xnl 2 . 
when Xl is greater than Xc, and to Z = Jr 2 + (Xc - Xl) 2 when Xn is greater 
than X L . 
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The Solution of the Impedance Z of Series L-C-R 
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For the problem to be solved, we refer back to a previous example: L - 1 
henry; C = 10 pf; and f = 60 cycles. Here Xl was calculated to be 377 ohms 
and Xq 265 ohms. With R = 100 ohms, and the net reactance Xl - Xc equal 
to 112'.ohms, (inductive), the circuit impedance Z equals 150 ohms. It con¬ 
stitutes an impedance (equivalent to an L-R circuit) in which the voltage is 
neither 90 ahead of the current, nor in phase with the current. The 
angle of lead of the voltage relative to the current is expressed by tan B = 
(X L -Xc)/R. This equals 112/100= 1.12, or e =48.3°. 
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L-C-R In Series (Impedance) 

The relative values of R and the net reactance of the series L-C-R circuit 
create a variety of impedance and circuit conditions. Imagine several cir¬ 
cuits in which L and C are of such value as to present the indicated capaci¬ 
tive and inductive reactances. The resistance R of each circuit is as 
indicated. 

When the circuit resistance is small, as in circuit A, in comparison to the 
net reactance, it contributes little to the circuit impedance. As a whole, 
the circuit behaves as if it were an inductance of such value as to present a 
reactance of 3504 ohms. 

When the circuit resistance is high in comparison to the net reactance (cir¬ 
cuit B), the impedance, for all intents and purposes, is made up of the 
resistance. As a whole, circuit B behaves like a resistance of 200 ohms. 
The greater the ratio between the net reactance and the circuit resistance, 
the greater the contribution of the resistance to the circuit impedance. 

In circuit C too, the circuit resistance is very small in comparison to the 
net reactance (capacitive)., Therefore, the resistance contributes very 
little to the circuit impedance. Circuit C behaves as though it were a 
capacitance with a reactance of 3730 ohms. 
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effectively by 90° 


L a X, = 1005X2 


(fy c=. X c = 995X2 


R < R = 200X2 


Z = V 200 2 + (100 5 — 995) 2 


200 2 + 10 2 


40,000 + 100 


= 200 ohms 


R - 200 ohms 
(actually 200.28 ohms) 
in which voltage 
leads current 


by tan B = 


K - x c 


= 0.05 or 2.9°, 


effectiveIy 0 C 


L| X L = 251X2 
(aD CZ~Z X c = 3981X2 


R = 14X2 


Z - \l 14* + (3981 — 25lf 


14 2 + 3730* 


196 + 13,912,900 


= 3730 ohms 


X c = 3730 ohms 
voltage lags current 

X c - X L 
by tan 8 " ^—-- 


= 266 Or 89.7°, 


effectively by 90 c 
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CHARACTERISTICS OF SERIES L-C-R CIRCUITS 


L-C-R in Series 

Given an applied voltage E and circuit impedance Z, the circuit current I 
equals E/Z. The nature of Z — whether it is inductive, capacitive, or re¬ 
sistive — is unimportant in the calculation. It is only after the current is 
known, as with the voltage across the impedance, that the nature of the 
impedance becomes of interest. The same equation applies to all cases for 
Z. As you can see, the equation for current I is Ohm's law for a-c and is 
identical for the theoretically ideal (resistanceless) L-C circuit and for the 
practical L-C-R circuit. Let us apply the equation to the three examples of 
circuit impedance shown on the preceding page. Assume that applied voltage 
E = 120 volts. 


THE SOLUTION OF CURRENT 


l=? 




9 E = 120 v 

f = 60 
cycles 


X L = 3768X1 


X c = 265X2 = 


R = 80X1 


VP 


2 = 3504 
ohm s 


3504 


l = ? 




E = 120v 

f = 160 
cycles 


l = ? 


ir 


E = 120 v I 

f = 40 65 

cycles | 


1005X1 


X c = 995X1 


R = 200X1 


VP 


X L = 251X2 


X c = 3981X1 


R = 14X1 


Vn 


Z = 200 
ohms 


Z = 3730 
ohms 


(actually 200.28X1) 


= 0.6 ampere 


(actually 0,599 amp) 


3730 


0.0322 ampere 


If you compare the current flowing in examples A on this page with example 
B on page 2-100, you will note no change in current despite the presence of 
a resistance of 80 ohms. The reason is that the prime control of the current 
-^L> additional current limitation imposed by the 80 ohms of resist¬ 
ance causes only a trifling reduction in current, which we do not show. On 

l h tnn ther hand » if you com P are example B above with example C on page 
2-100, you win note that the presence of 200 ohms resistance reduces the 
current from 12 amperes to 0. 6 ampere - a tremendous c hang e. 
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L-C-R in Series (Voltages) 

The voltages present across the components of the series L-C-R circuit are 
calculated in the same way as for the theoretically ideal (resistanceless) 
L-C circuit. The individual voltage drops (Ex) across the reactances are 
Ex = IX, where X stands for reactances; the voltage drop across the resist¬ 
ance is Er = IR; and the voltage across the circuit as a whole (i. e., across 
the impedance Z) is Ez = IZ. The illustration is of a typical case. 

The addition of the two reactive voltages El and Eq to the resistive voltage 
Er is done in the same way as the addition of reactances and resistance; 
that is, solving for Z. The same answer can he obtained by using vectors, 
but the equation method is much easier to use because many values are 
difficult to read from vector dimensions. When the three voltages are 
shown in the same vector presentation, the voltage Er is the reference volt¬ 
age. It is the voltage that is in phase with the series circuit current. The 
other two voltages, El and Ec, differ by 90° from Er; one (El) leading 
Er, and the other (E^) lagging Er by 90°. When all the voltages in the cir¬ 
cuit are added, the voltage across the circuit as a whole is equal to the 
applied voltage. 
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SERIES RESONANT L-C-R CIRCUITS 


Resonant Frequency 

Radio communications involves the transmission and reception of signals of 
selectable frequency. Such selection is possible because every combination 
of U and C responds better to voltages of one frequency than to voltages of 
other frequencies. The single frequency at which the circuit responds best 
is called the resonant frequency of the circuit. 

Resonance occurs when the amount of inductance and the amount of capaci¬ 
tance in a circuit present equal amounts of reactance; i. e., 27rfLi - l/(2fffC), 
or Xl = Xc- Resonance in a series L-C-R circuit is, therefore, a partic¬ 
ular condition in the circuit. Resistance R plays no part in determining the 
resonant frequency, although, as you will see, it does limit the amount of 
current at resonance and affects the behavior of the circuit off resonance. 
The equation used for calculating the resonant frequency of a circuit is: 


frequency of resonance, f = 


27 T a/LC 

where ir is a constant 3.1416, L is the inductance in henries, and C is the 
capacitance in farads. To illustrate the application of the equation, assume 
that L = 2 mh (0.002 henry) and C = 80 upf (0.00000000008 farad). What is 
the resonant frequency of the circuit? 


f = 


6. 28/y/0.002 x 0. 00000000006 6.28 V0. 000000000000l6 


= 6.28^0000004 = Ooo502612 = 


A change in either L or C, or both, results in a change in resonant frequency, 
except when the product of L and C remains the same. For example, 0. 002 
x 80 |ipf = 0.160. If L were 0.001 h (instead of 0.002), and C were 160 ppf 
(instead of 80), the product of 0.001 jx 160 would be 0.160 — the same as 
above. Hence the two circuits would resonant at the same frequency — 
398, 089 cycles. 


An L-C Circuit is Resonant when its Inductive Reactance equals its Capacitive Reactance 


Resistance does not 
offect resonant frequency 




Xl 

J Tf 5 iT L 

L 


= X C 


SERIES-RESONANT 
CIRCUIT 




. 


f = resonant frequency 
2-jt = 6.28 (in cycles) 

L = inductance (in henries) 
C = capacitance (in farads) 
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Determining the Impedance 

Resonance is a particular condition in an L-C circuit at which Xl = X<> 
Since the net reactance of a series L-C-R circuit is the difference between 
Xl and Xq, when these two reactances are equal (at resonance), the net 
reactance is zero. This leaves only the resistance as the current-limiting 
factor in the circuit. Thus, at the resonant frequency, the impedance of the 
series L-C-R circuit must be the lowest possible for the circuit, for at this 
frequency, the total circuit impedance is the circuit resistance. 

Let us examine the impedance conditions at resonance. We shall use the 
constants mentioned on the preceding page. L = 2 mh; C = 80 ppf; and the 
resonant frequency is 398, 089 cycles. Now we include the circuit resistance 
of 100 ohms. Then, 


X T = 27ifL = 6.28 x 398, 089 x-0. 002 = 5000 ohms (in round numbers) 




= 5000 ohms 


Therefore, 

Z ^R 2 + (X L - X c ) 2 = *v/ 10 ° 2 + (5000 - 5000) 2 = a/iOO 2 + 0 = 100 ohms 

At all other frequencies the net reactance is not zero; it has a finite value 
which increases (as does Z) as the operating frequency moves farther above 
or below the resonant frequency. We show this in the table for a range of 
frequencies from 100 to 600 kc. Examine the values in the Z column. The 
references to Z relative to frequency can be translated into a graph known as 
the impedance curve of the series resonant L-C-R circuit. Of course, the 
curve'is for this particular set of circuit values. 
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SERIES RESONANT L-C-R CIRCUITS 


Variations in Current 

We have established that the circuit impedance of the series L-C-R circuit 
is minimum at the resonant frequency. For any given value of applied volt¬ 
age, this means that the current is maximum. In fact, the occurrence of 
minimum impedance and maximum current at resonance is the identifying 
feature of the series resonant L-C-R circuit. Two equations can be used to 
compute the current: I = E/Z, for general application during the off resonant 
condition, and I = E/R, at the resonant frequency. Assume that E equals 
30 volts at all frequencies and R equals 100 ohms. The rest of the circuit 
has the constants shown on the preceding page. Therefore, current at the 
resonant frequency of 398 kc (actually 398, 089 cycles) is: 


I = ^ = 2 qq"- 0. 3 ampere = 300 milliamperes 

The table shows the frequency, impedance, and current for the circuit under 
discussion, over a frequency range of from 100 kc to 600 kc. 


MAXIMUM CURRENT OCCURS AT ONE FREQUENCY 
— THE RESONANT FREQUENCY 


CHART OF VALUES 


frequency 

(kc) 

Z ohms 

E(volts) 

l(milliamps)** 

100 

18,634 

30 

1.61 

200 

7,433 

30 

4.0 

300 

2,862 

30 

10.48 

350 

1,270 

30 

23.6 

u 

EEEO 


Iran 

30 

jcTOfl 

400 

122 

30 

246 

450 

1,240 

30 

24.2 

500 

2,302 

30 

13.0 

600 

4,221 

30 

7.1 


* 398 — resonant frequency 


** When computing the current I, 
the answer will be in amperes, 
which must be converted 
to milliamperes. 


resonant frequency 



DECREASES BELOW I DECREASES ABOVE 
RESONANCE ! RESONANCE 


The variation in circuit current with the change in frequency can be shown 
graphically. It is known as the current curve, or resonance curve, of the 
circuit. Frequency is shown along the horizontal axis, and the current am¬ 
plitude is scaled along the vertical axis. Note that while maximum current 
flows at the resonant frequency, some current flows at frequencies off 
resonance. The high current at one single frequency (resonance) and reduced 
currents at other frequencies can be interpreted as discrimination by the 
circuit against frequencies other than the resonant frequency. This action of 
the circuit is the basis of its use. 






SERIES RESONANT L-C-R CIRCUITS 


2-109 


The Effect of Resistance 

We have explained the action of resistance in the series L-C-R circuit as 
being the factor which contributes to the control of the current. When we 
think of a circuit as a frequency-resonant system, we must take note of 
other effects of circuit resistance — that is, its effect on the circuit current 
or resonance curve. The lower the circuit resistance when Xl = Xc, the 
higher is the circuit current. If the current is shown graphically as a reson¬ 
ance curve, the peak of the current curve will be higher with lower circuit 
resistance. For instance, if the resistance of the circuit discussed on the 
preceding page were 10 ohms instead of 100 ohms, the resonant frequency 
current would have been 3 amperes instead of 300 milliamperes. 


The lower the 
resistance of the 
series-resonant 
L-C circuit... 




:::::::: 




ISi 


Slip 11,5 ’’ 


lliijjjji:: 
ililiiiiiiih. 





FREQUENCY 
I DECREASE 


very-low-resistance 
circuit 

medium-resistance 
circuit 


high-resistance 
circuit 


FREQUENCY 

INCREASE 


RESONANT FREQUENCY 


...the greater the change in current per unit change 
in frequency — hence the @333333 the circuit tuning. 


Equally important is another effect — this time on the shape of the resonance 
curve. The lower the circuit resistance, the greater the relative control of 
the current by the net reactance of the circuit as the frequency changes from 
resonance to off resonance. The result is that the circuit current falls 
rapidly as the frequency changes, and the sides of the resonance curve are 
steep. Conversely, the higher the circuit resistance, the less will be the 
relative control of the circuit current by the net reactance as the frequency 
is changed. The result is a broadening of the resonance curve. The steeper 
the sides of the resonance curve, the sharper will be the tuning of the circuit. 
This means that the circuit discriminates more against frequencies that are 
off resonance. In other words, the lower the resistance of a circuit, the 
sharper its performance as a frequency selector. Note the difference in 
peak amplitudes at the resonant frequency for the three conditions of resist¬ 
ance in the circuit. Note also the limited change in current for resonance 
and off resonance conditions with high resistance, compared with the large 
change in current for resonance conditions when there is very low resistance. 
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SERIES L-C-R CIRCUITS 


Effective Resistance and Q 

All inductive windings, i. e., all coils which demonstrate the property of in¬ 
ductance, can be rated in terms of a figure of merit called Q. It is expressed 
as a number — for instance, a Q of 100. The higher the number, the more 
effectively the coil acts as an electrical device. When stated as an equation: 
Q = X L /R, 'or 2ufL/R. 

In this equation, R has a somewhat different meaning than d-c resistance. 
Here, it stands for effective resistance , a term used to describe all forms of 
resistance (not reactance) which tend to retard the flow of current in a cir¬ 
cuit. At d-c and low frequencies, the only opposition to the flow of current 
is the ohmic resistance of the wire. But at high frequencies, another kind of 
resistance — a-c resistance — appears and adds to the effective resistance of 
the coil, lowering its Q. This resistance is produced by skin effect. When 
skin effect is present, the electron flow is redistributed over the conductor 
cross section so as to make most of the electrons flow where they are en¬ 
circled by the least number of magnetic flux lines. Because a greater num¬ 
ber of flux linkages exists in the center of a conductor, the inductance at the 
center is greater than near the surface. Thus, at high frequencies, the re¬ 
actance is great enough to affect the flow of current, most of which flows 
along the surface of the conductor. Therefore, the effective resistance is 
increased, since, in effect, the useful cross section of the conductor is great¬ 
ly reduced. 

Skin effect can be minimized by forming the conductor from a large number 
of small enameled wires connected in parallel at their ends, but insulated 
from each other throughout the rest of their length and interwoven. Each 
conductor will then link with the same number of flux lines as every other 
one, and the current will divide evenly among the strands, thus greatly in¬ 
creasing the useful cross section of the wire. A stranded cable like this is 
called a Litz conductor. 


iSi 


HIGH-Q mS 
'CIRCUIT f® 

| 

MEDIUM-Q if 
CIRCUIT 






i If ©g) 

1 


ReliikNT 

•lUilto 



LOW EFFECTIVE R HIGHER EFFECTIVE R AT 
AT LOW FREQUENCIES. INTERMEDIATE FREQUENCIES 


HOLLOW TUBING IS OFTEN USED 
Jg|||p§lAT HIGH FREQUENCIES 


HIGHEST EFFECTIVE R AT 
HIGH FREQUENCIES 
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Time constant in an R-L circuit is a means of comparing how rapidly the 
current in one R-L circuit rises to a given value relative to the current 
in another R-L circuit. It is expressed in seconds and is calculated by 
the equation t (seconds) = L (henries)/R (ohms). 

Time constant in an R-C cir cuit is calculated by the equation: t (seconds) = 
R (ohms) x c (farads). 

In an R-C circuit, voltage rises to 63. 2% of its maximum value and falls 
63. 2% from its maximum value in the first unit of time. 

If Xl is greater than Xc, the circuit acts inductively and the current lags the 
applied voltage (E) by the phase angle 9. Tan 6 = Xl-Xq/R. 

If Xq is greater than Xl, the circuit acts capacitively and the current leads 
the applied voltage (E) by the phase angle 6. Tan 9 = Xq-Xl/R. 

If Xl is equal to Xq, the circuit is resistive and the current is in phase with 
the applied voltage (E). 

The resonant frequency of the circuit is the particular frequency at which the 
circuit responds best. 

The frequency at which an L-C-R cir cuit resonates is found by the formula 
f = 1/2 tta/LC. 

At resonance, the reactances cancel, current is a maximum, impedance is a 
minimum, and the phase angle is 0°. 

At resonance, the voltages across the reactances are maximum, and circuit 
current is maximum. 

In a series L-C-R circuit, the voltages across the reactive elements are 
180° out of phase an d may be subtracted directly: E =a/e r 2 +(E_ -E_,)2; 

Z =V~R 2 + (X l -X c )2. 

Q is a measure of the selectivity of a circuit, and varies inversely with the 
resistance. 

The Q of a series resonant circuit is the ratio of the inductive reactance to 
the effective resistance, and is equal to Xl/R* 

In considering the Q of a coil, it is important to consider skin effect — an a-c 
resistance which at high frequencies adds to the effective resistance of 
a coil, causes losses, and lowers the Q. 

REVIEW QUESTIONS 

1. Give the formula for finding the impedance of an R-L circuit and of an 
R-C circuit? 

2. What is the formula for finding the impedance of a series L-C-R circuit? 

3. What determines the voltage drop across any single element in an a-c 
circuit? 

4. In an L-C-R circuit, what is the phase relationship between current and 
voltage when Xl is equal to Xq. 

5. What is the phase relationship between the voltages across the reactive 
elements in a series L-C-R circuit? 

6. Give the formula for calculating the resonant frequency of a circuit. 

7. Name the conditions present in a series resonant L-C circuit. 

8. What is the relationship between current and impedance at resonance? 

9. What is the Q of a resonant circuit? How is it determined? 

10. What effect does the resistance in a circuit have upon the frequency of 
resonance? 

11. In a series resonant circuit, what is the relationship between the volt¬ 
age across either reactance and the applied voltage? 
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CHARACTERISTICS OF PARALLEL L-C CIRCUITS 


Branch Currents in the Basic Parallel L-C Circuit 


A capacitor and an inductor connected in parallel across a voltage source 
make up a basic parallel L-C circuit. Since they are in parallel, the applied 
voltage appears across both L and C. We refer to the voltage across L as 
El and across C as E^. 

Assume that a parallel L-C circuit is made up of pure inductance and capac¬ 
itance. The inductance is of such an amount as to present an Xl of 600 
ohms; the capacitance is such as to present an of 1200 ohms. The ap¬ 
plied voltage is 120 volts at 60 cycles. Thus, the two branch currents are: 

i -JL. 

a L X l 

I = JL 

c X c 

Note that the inductive branch presents the lesser amount of reactance; 
hence, it passes the greater amount of current. 

Because the branch currents differ in phase by 180°, the line current in the 
parallel L-C circuit is determined by vectorial addition of the branch cur¬ 
rents. When arranging the vectors, the applied voltage (identical to El and 
Eq) has the same phase across each branch; hence, it is suitable for use as 
the reference vector. With the inductive current II lagging El by 90°, the 
II vector is positioned 90° behind the voltage vector. The length of the II 
vector is determined by using any desired scale compatible with the value. 
The capacitive current Ic leads Eq by 90°; hence, the Ic vector leads the 
reference voltage vector by 90°. The scale used for vector Ic must be the 
same as for vector II- The current-voltage relationships shown establish 
the two currents as being 180° out of phase. The resultant of two vectors 
180° out of phase is the difference between their magnitudes. So we sub¬ 
tract the smaller vector Ic from the larger vector II- The resultant is the 
total line current (It = II - Ic)* The line current It equals 0. 2 - 0.1 = 0.1 
ampere. Since the inductive current II is the predominant current in the 
parallel network, the resultant current It has the same phase as the original 
I L ; that is, it lags the applied voltage by 90°. 


120 

600 


= 0.2 ampere or 200 milliamperes 


120 


= J 200 = * ampere or 100 milliamperes 


THE PARALLEL l-C CIRCUIT 


0.1 amp 


GRAPHICAL SUMMATION OF 



VECTORIAL SUMMATION OF 
:(l AND t c 

0.1 amp 


I, 


' L ' C 

= 0.1 amp= 1 1 / 


BY POINT-TO-POINT SUBTRACtlQN 
OF Ij FROM l L 


.90° 


'90° 


E or E l 
* or E c 


RESULTANT 


X0.2 amp 
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Branch Currents and Circuit Impedance 

When l|_ is greater than lr ...the circuit behaves as an 



When l c is greater than l^ r ...the circuit behaves as a 
or Xq is lower than Xl... capacitance. Z is capacitive 



There are several interesting aspects of the parallel L-C circuit which we 
shall discuss, but first we must establish the total circuit impedance Z^ 
Since we know that line current I t equals 0.1 ampere and applied voltage 
equals 120 volts, the circuit impedance Z t equals E/l t . Substituting the ap¬ 
propriate numbers in the equation: 

Z t = = 1200 ohms (inductive) 

The voltage source "looking” into the parallel circuit ’’sees” an impedance of 
1200 ohms. The reference to inductive for the impedance has a meaning 
similar to that in the series L-C circuit; namely, the behavior of the imped¬ 
ance as an inductance or as a capacitance. The impedance of the parallel 
L-C circuit can be inductive or capacitive; this is determined by which form 
of opposition to the' current flow is most prominent in the parallel network 
(assuming that Xl does not equal Xq). The predominant branch reactance is 
the lesser one, since it permits the greater amount of branch current to flow. 
Therefore, it is most prominent in the resultant line current. In this way, 
the lesser reactance determines the overall behavior of the circuit, as well 
as the phase relationship between line current and applied voltage. The line 
current can have two relationships relative to the applied voltage — leading or 
lagging. (Later on, you will learn of a third possible identity, this being the 
in-phase condition when the L-C circuit is resonant and behaves like a 
resistance.) 
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Line Current and Circuit Impedance 

The branch and line currents have been established in circuit A and are: 
II = 0.2 ampere; Iq = 0.1 ampere; It = 0.1 ampere; Zt = 1200 ohms. Line 
current It is seen to be less than one of the branch currents. This is not 
unusual in an a-c circuit when the parallel network consists of L and C. The 
currents flowing through the branches are 180° out of phase with each other; 
therefore, they tend to cancel in the path which carries the two currents. If 
the two branch currents differ greatly, as in case A, the line current It is 
less than the higher of the two branch currents; if the two branch currents do 
not differ by too much, the current can be less than either of the two branch 
currents. The example which follows illustrates this point. 




the HIGHER the PARALLEL CIRCUIT IMPEDANCE Z, end 
ike LOWER the LINE CURRENT /, 



Assume a second parallel L-C circuit (B) in which E = 120 volts at 60 cycles, 
Xl - 1500 ohms, and Xc = 1200 ohms. Applying Ohm’s law for current: 
II = E/Xl = 120/1500 =0.08 ampere and Ic = E/Xc = 120/1200 =0.1 ampere, 
from which It = Ic ~ II = 0.1 - 0.08 = 0.02 ampere, an amount less than 
either branch current. Then the circuit impedance Zt = E/It = 120/0.02 = 
6000 ohms. If now we study closely the constants of circuits A and B, two 
extremely important situations are brought to light. By comparing the two 
values of line current and the respective reactances in the circuits, it is seen 
that the closer to equality Xl and Xc are, the less the line current; the more 
one reactance differs from the other, the greater the line current. Since line 
current It is the denominator in the equation for the circuit impedance, the 
closer to equality Xl and Xc are for any given voltage, the higher the circuit 
impedance; the greater the difference between Xl and Xc, the lower the cir- 
cuit impedance. These two electrical conditions are important to remember. 
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The Basic Parallel L-C-R Circuit (General) 

Let us now consider an L—C circuit with parallel resistance R added. Ele¬ 
ments L and C remain ’’pure” inductance and capacitance. The addition of 
the parallel resistance does not change the individual actions of L and C. 
Now E = El = Ec = Er; therefore, all voltages are in phase. R is simply 
another branch across which the applied voltage appears as Er, and through 
which a current Ir equal to Er/R flows. Branch current Ir is not influenced 
by the presence of II or Iq. There is, however, a difference in the phase 
relationship between the voltage and current associated with R. Voltage Er 
and current Ir are in phase, while voltage El leads current II by 90^ , and 
voltage Ec lags current lc by 90°. Thus, the resistive current is 90 out of 
phase with tEelnductive and capacitive currents, which are 180 out of phase 
with each other. 

r of appearance of the circuit 
in a schematic is unimportant 


■#-1-1 
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Branch Currents and Line Current 

Let us say that a parallel L-C-R circuit (A) contains an inductive branch in 
which Xl equals 600 ohms, a capacitive branch with Xq equal to 1200 ohms, 
and a resistive branch with R equal to 480 ohms. The applied voltage is 120 
volts at 60 cycles; hence, El equals Eq equals Er equals 120 volts. Il " 
El/Xl = 0.2 ampere; Ic = Ec/Xc =0.1 ampere; and Ir = Er/R = 0.25 
ampere. 

When the three branch currents are known, the line current is determined by 
vectorial addition (B). Because the current and voltage across the resistance 
are in phase, Ir is used as the reference vector. The capacitive branch cur- 
rent leads its voltage (Ec) by 90°; hence, it is positioned 90° ahead of the Ir 
vector. The inductive current lags its voltage (El) by 90°; hence, it is posi¬ 
tioned 90° behind Ir. The Ic and II vectors are 180° apart; therefore, their 
resultant is the difference between them, or Il " *C = 0.1 ampere. Current 
IL is greater than current Ic; therefore, the difference between them has the 
same direction as II- This difference current is 90° out of phase with Ir. 
The two currents can be added by the parallelogram method (B), or by the 
equation method (C). Completing the parallelogram and drawing the diagonal 
OC furnishes the answer. With all vectors similarly calibrated, the dimen¬ 
sion of OC can be read directly as the amount of line current. The answer is 
0.269 ampere. The same answer is arrived at by the equation method (C). 
With both inductive and resistive current present in the line current, the line 
current therefore lags the applied voltage by the angle 6. Using a protractor 
on the vector presentation shows the angle of lag to be 21.8°. Expressed 
mathematically, the lag of the line current is: 


tan 6 




°- 1 . =0.4 or 6 = 21.8° 


0.25 
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Line Current and Circuit Impedance 

Since we know the line current (developed on the preceding page), we can 
determine the circuit impedance Z^. 

Z t “ “ 069 " 446 ohms 

Comparison of the line current with the individual branch currents shows 
that the line current is greater than the highest branch current. The imped¬ 
ance is less than the lowest ohmic value among the branches. The calculated 
circuit impedance = 446 ohms compared to R = 480 ohms shows this to be 
true. Although it is true in this instance, the circuit impedance of a parallel 
L-C-R circuit is not always less than the lowest ohmic value among the 
branches. For example, imagine 1^ equal to I q because Xl equals Xc at 
some frequency. Then the two reactive currents cancel each other as far as 
line current is concerned, and the only current appearing in the line current 
is the one flowing through the resistive branch. When this is true, circuit 
impedance Z* equals R for all practical purposes. 



But a much more important point is that when R is in parallel with paralleled 
L-C, the circuit impedance can never rise higher than the ohmic value of R, 
even though the individual reactances Xl and Xc may be very much higher. 
On page 2-114, we found that when Xl and Xc approached equality, the cir¬ 
cuit impedance of the resistanceless circuit increased greatly. With paraue 
R present, such an increase cannot take place. The parallel R prevents the 
parallel L-C circuit from presenting a very high impedance when Xl *C- 
This situation is important when working with parallel-resonant L-C cir¬ 
cuits, as explained later. 







2-1X8 


CHARACTERISTICS OF PARALLEL L-C-R CIRCUITS 


Line Current and Circuit Impedance (Cont’d) 

To emphasize the action of Rina parallel-connected L-C-R circuit, we ex¬ 
amine two more sets of circuit constants. 

The presence of the parallel-connected resistive branch (R = 10, 000 ohms) 
appears to contribute very little to the operation of the circuit. When the dif¬ 
ference between the inductive and capacitive branch currents is much greater 
than the resistive branch current, the R branch has very little effect on the 
circuit action. As the figures show with R in the circuit, the line current It 
is 0.018 ampere and is lagging the applied voltage by 83°. The circuit im¬ 
pedance Zf is 1111 ohms. With R removed, the It would be 0.0185 ampere 
and lagging the applied voltage by 90° — very little difference. The circuit 
impedance would be 1081 ohms — again, very little difference.- It would be 
good practice to solve for the circuit current and impedance with R out of the 
circuit. 




*R HAS LITTLE EFFECT ON THIS CIRCUIT 
| 1^-l c MUCH GREATER THAN l R ) 

X, = 27rf L 


* 6.28 x 1 00,000 x 0.001 
= 16 2 81 ohms 


1 


C 2 7T f C 


6.28 x 100,000 xO.OOOOOOOOl 
= [l594l ohms 
R = 110,0001 ohms 


L *L 
_ 20 
•; " 628 

= 100311 ampere 
I c = E c = 20 
x c 15 94 
= lo 0125] ampere 

T 

I R-^- 
_ 20 


20 v 
100 KC 



0.001/*f 


ri= Vi R e + (l L -ic) !t 

=V-002 Z "+ (.03 1 -0.0125 ) Z 
= [018] ampere 


" 10,000 


2t = 


E _ 20 


mn ohms 


'% R HAS CONSIDERABLE EFFECT ON THIS CIRCUIT 


= |0.Q02| ampere' 


ton © = = 


0.0185 




-9,25 


83 


150KC 


0.001 put 


+ U L ^c> S 


X L - 2-rr f l= |9421 ohms 


~ Il6€3 1 ohms 


x„ = 


c 2irfC 
R = I^Q*QOO 1 ohms 


Ii = 10.020l ampere 
I c - |0-0188] ampere 
I R = |Q 002 1 ampere 


=> [ 0.00297 | ampere 
z t = [673o| ohms 


tan © s 


I. -Ir 


°. ° 022 
1 0.002 


U 


OR $ * [47, 7 * 


Let us now change the operating conditions by raising the frequency of the 
applied voltage to 150 kc. It changes the values of Xl and Xc, making the 
difference between I L and I c nearly I R . X L almost equals X<> Hence, 
the presence of the R branch displays a major effect. In the absence of R, 
the circuit impedance Zt would be 9090 ohms, and the line current would 
lag the applied voltage by 90°, But with R present, Z t = 6730 ohms and the 
line current lags the applied voltage by only 47. 7°, a major change. It is 
evident, therefore, that the parallel R displays its greatest effect in the 
vicinity of, and at, resonance. 
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Calculating the Resonant Frequency 

The parallel resonant L-C circuit differs from the ordinary parallel L-C 
circuit in one respect — resonance. Resonance occurs when the inductive 
reactance (2jrfL) equals the capacitive reactance (l/27rfC), or Xl = Xq. For 
any given fixed amount of L and C, parallel resonance occurs at only one 
frequency (the same as in the series-re sona nt L-C circuit). T he f requency 
of resonance is expressed by f = 1/2 tt VlC, or 1, 000, 000/2 tta/LC. Both 
equations are exactly the same as used for the series-resonant circuit and 
both yield the same result. They differ only in the units which are used for 
L and C - the first is in henries and farads; the second is in microhenries 
and microfarads. To illustrate the application of the two equations, assume 
a parallel L-C circuit in which L = 100 microhenries (or 0. 0001 henry), and 
C = 100 micromicrofarads (or 0. 0001 microfarad, or 0. 0000000001 farad). 
Using each equation for the solution, the resonant frequency (often indicated 
f G ) is: 



Fixed L and C Can Resonate at Only One Frequency 



liHI. Parallel L or C Can Be Tuned to Resonate} 
Wt^fMM^at a Variety of Frequencies ; if 



The values of L and C in a parallel-resonant circuit may be precalculated so 
as to be resonant to a single frequency. On the other hand, the requirement 
m ay be for resonance over a band of frequencies. This condition is provided 
for by making either L or C (sometimes both) variable between a minimum 
and a maximum amount. Each setting within the range of variation then 
affords a different resonant frequency. For instance, if in the example above, 
L were fixed at 100 ph while C were variable between a minimum of 20 ppf 
and a maximum of 100 ppf, the circuit could be resonated individually to all 
frequencies between a low of 1. 5922 me to a high of 3. 56 jn c * 
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PARALLEL RESONANT L-C CIRCUITS 


Line Current and Impedance 

You have learned that the series resonant L-C circuit offers minimum im¬ 
pedance at the resonant frequency. The behavior of the parallel resonant 
L-C circuit is the exact opposite — at resonance, the circuit impedance is 
maximum. When equality between Xl and Xc is reached, the respective 
branch currents II and Iq are equal. Since the line current It has been es¬ 
tablished as the difference between the branch currents, and the difference 
between two equal amounts is zero, the parallel resonant L-C circuit shows 
no line current. From the viewpoint of the voltage source, it is applying 
voltage across a circuit having infinite impedance. 

Let us illustrate this situation. E = 12 volts at 1. 5922 me; L = 100 micro¬ 
henries, for which Xl is 1000 ohms; C = 0.0001 microfarad, for which 
Xc = 1000 ohms. Then: 


mAm RESONANCE PRODUCES 

UlUlMnnt IIAlt AIIDDCAlT MhVIMIIM IMDth/lklAC 




'.m 




MINIMUM LINE CURRENT and MAXIMUM IMPEDANCE 


E = 12 volts 


f =1.5922 me 



When X L =X C 
1000=1000 

Qnd i L = iL = ^|_. = . 01 2amp 
I c = x^ = lolo = - 012 amp 


It=lL-*C 
= 0 . 012 - 0.012 
= 0 

* INFINITE 
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0) 
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“O 

a) 
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E 
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below 
Resonance 

X c greater than X L 



Infinite circuit 
impedance in 
theoretically 
ideal circuit 


Frequencies 

above 

Resonance 


_ '8 
CC Ll» 


Xcgreater than X c 


The ideal case of zero line current and infinite circuit impedance in the res¬ 
onant parallel L-C circuit is not realizable in practice; nevertheless, we 
assume that they are attainable because they enable us to establish clearly 
the limiting conditions for later comparison with the practical circuit. There 
is similarity in behavior between the two. If we show a graphic picture of the 
change in line current with change in frequency for the ideal case, the line 
current is seen to be zero at resonance, and increases for frequencies on 
both sides of resonance. The graph of circuit impedance vs. frequency 
shows infinite impedance at resonance and reduced impedance off resonance. 
With equality between the branch reactances and branch currents, infinite 
impedance is interpreted as infinite resistance. 
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Circulating Current 

The infinite impedance of the resistanceless parallel resonant L-C circuit 
should be understood as being the impedance "seen" by the voltage source as 
it ’’looks” into the parallel L-C network. The voltage source "sees” an open 
circuit. Also, the zero line current condition should not be mistaken for 
zero current conditions inside the parallel network. Interestingly enough, a 
significant current flow situation prevails inside the parallel L-C circuit. 
Let us examine the current conditions inside the parallel L-C network at 
resonance. 

The circuit is resistanceless, Xl = Xq, and II = Ic* The two branch cur¬ 
rents are 180° out of phase as the result of their 90° lag and lead relation:- 
ships with their respective voltages, El and E<> Examination of the flow of 
the two branch currents shows that they move in opposite directions through 
their respective branch elements. When the polarity of the applied voltage 
changes, the two branch currents reverse their directions of flow. Now, if 
we take points A and B as references, and examine the directions of the two 
branch currents,, they are seen to have like directions. All the current which 
flows into A moves away from A; all the current which flows into B moves 
away from B. In other words, the two branch currents have become one and 
the same current, as far as to-and-fro circulation through L and C inside the 
parallel-connected circuit is concerned, hi fact, as far as the circulating 
current is concerned, the parallel L-C network is really a series circuit, 
since there is only one path for the circulating current. The circulating 
current is equal to El/Xl or Ec/Xq. 



11 

The CIRCULATING CURRENT in the PARALLEL 
1 RESONANT CIRCUIT is EVERYWHERE THE 
SAME in the L CIRCUIT and in the C.CIRCUIT 
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PARALLEL RESONANT L-C CIRCUITS 


Circulating Current (Cont’d) 

What is the importance of the circulating current? The parallel resonant L-C 
circuit is sometimes called a "tank" or storage circuit. The circulating 
current charges C, momentarily storing energy in it. When C discharges, 
the discharge current flows into L and builds a magnetic field, in which 
electrical energy is stored. When the magnetic field collapses, the current 
again flows into C, recharging it. Discharging again builds a magnetic field 
around the coil, thus effecting an interchange of electrical energy between C 
and L of the parallel resonant L-C - circuit. This energy is maximum at 
resonance; hence, maximum energy is available for transfer to another cir¬ 
cuit or to be kept within the circuit for a purpose. 


CIRCULATING CURRENT IS AN INTERCHANGE OF ENERGY.. 


C charges and 
stores energy 


C discharges and 
releases energy 


C charges in 
opposite direction 
and stores energy 


C discharges and 
releases energy 



L field collapses 
and releases 
energy 


L field builds up 
and stores energy 


L field collapses 
and releases 
energy 


L field builds up 
and stores energy 


It® L 


X L LESS THAN X c 
ILMORE THAN \ Q \ 

# line current through L 


...BETWEEN L AND C 

IN THE OFF-RESONANT 
PARALLEL L-C CIRCUIT 
THE CIRCULATING 
CURRENT DECREASES 

Umimnrfr tank current 
< . -> line current 


1-1X L MORE THAN X c |J 

2 li LESS THAN l c 
J L C t 

line current through 4 


What happens when the circuit is not resonant? Several actions occur. 
Assume Xl to be greater than Xq. Then Ic is greater than II. Suppose that 
Iq = 200 ma and II = 50 ma. We have learned that the line current It equals 
the difference between the two, or in this case 200- 50 = 150 ma. Circulating 
current also flows in the nonresonant state of the circuit, but now it is equal 
to the lesser of the two branch currents — in this case, to II = 50 ma. An 
equal amount of the greater branch current (50 ma) becomes part of the cir¬ 
culating current. The remaining 150 ma of the capacitive branch current is 
the line current, and flows through the parallel L-C circuit via the capaci¬ 
tive branch. If the situation were reversed and II equalled 200 ma and Ic 
equalled 50 ma, the circulating current would be 50 ma while the line current 
of 150 ma would flow through the circuit via the inductance. The farther 
away from resonance, the less the circulating current and the greater the 
line current. 
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Resonance Curve 

Like the series resonant L-C circuit, the performance of the parallel reso¬ 
nant L-C circuit can be portrayed by a resonance curve. A convenient way 
of preparing this curve is by plotting the circulating current vs. frequency. 
A current meter is used in each branch circuit. 

Current at the resonant frequency is determined first. Both meters will in¬ 
dicate the same amount of current. As the frequency of the applied voltage 
is lowered, Xl decreases while Xc increases. The inductive branch current 
thus increases, whereas the capacitive branch current decreases. Since the 
circulating current has the value of the lesser branch current, the Xq branch 
meter is used as the current indicator. The lower the frequency relative to 
resonance, the lower will be the indication on the Xc branch meter. Since 
the inductive branch current exceeds the capacitive branch current, the 
parallel current as a whole behaves like an inductance. 

Then, the circulating current is plotted as the frequency is increased above 
resonance. As frequency increases, Xc decreases and Xl increases. The 
capacitive branch current now increases, whereas the inductive branch cur¬ 
rent decreases. The indication on the meter in the Xl branch is plotted for 
a range of frequencies above resonance. Since the capacitive branch current 
exceeds the inductive branch current, the parallel circuit behaves like a 
capacitance. 

As in the series resonant circuit, the parallel resonant circuit also affords 
a selective frequency bandpass. It is the band of frequencies embraced by 
this curve at a level corresponding to a circulating current of 70% (70.7% 
exactly) of the maximum circulating current. The higher the circuit Q, the 
steeper the sides and the narrower the bandpass. The lower the Q, the 
broader the sides and the wider the bandpass. 
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THE PRACTICAL PARALLEL L-C CIRCUIT 


Comparison with Theoretically Ideal Parallel L-C Circuit 

The practical parallel L-C circuit differs from the theoretically resistance¬ 
less version in one major respect: the presence of resistance. It exists in 
the inductance, in the capacitance, and in the interconnecting wires. Of these 
resistance sources, only the resistance contained in the inductance is im¬ 
portant, so we disregard the others. 


THE THEORETICALLY IDEAL 
PARALLEL L-C CIRCUIT 



THE PRACTICAL 
PARALLEL L-C CIRCUIT 




The capacuTve br^fu “ “ “ Jf'® a r f slstance ln series with the coil L. 

tive toMch consSl nt B ®? consist of Xc only, whereas the indue- 
uve oranen consists of R m series with X T . Ih low-freauencv rimiita t 

could have a great many turns; hence, R could be relatively hLh In hiirh. 

ditions m the theoretically resistanelless “i^it' ^en xf 

using ^arall^resonant^-c'^ircuits 63 ^! 0 can practical " systems 

amount of line current flowing dueto the^LTce i^he IfrlTiU ** * 
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Branch Currents 



In the theoretically resistanceless parallel resonant circuit, the inductive 
branch current II lags the inductive branch voltage by 90°, the capacitive 
branch current 1^ leads its voltage Ec by 90°, and the line current It is zero. 
In the practical version of the circuit (with R in series with L), the capacitive 
branch current still leads its voltage Eq by 90°, but the inductive branch no 
longer is only reactance Xl- Now the branch is impedance Zl made up of R 
and Xl in series. 

In the study of the behavior of the series R-L circuit, we found that while the 
current is everywhere the same, the voltage across R is in phase with the 
current, but leads the current in Xl by 90°. When R is not negligible, the 
current in the series circuit lags the voltage across the series combination 
by some amount less than 90 . Applying these conditions to the practical 
parallel resonant L-C circuit shows that the two branch currents are not 180° 
out of phase. Resonance occurs, nevertheless because Xl = Xq. To deter¬ 
mine the inductive branch current, we must first establish the impedance of 
the circuit. Assume that E = 12 volts, Xl = 775 ohms, R = 300 ohms (a com¬ 
pletely unrealistic amount, but one which will illustrate the point), and = 
775 ohms. Then: 


Inductive branch Z L jfg 


R 2 + X 2 
*300* + 77 5 2 

90,000 + 600,625 
' 690,625 


Inductive branch 
current | _ 


I =-=-t 
z l Z L 

_ 12 
831 

= 0.0144 ampere 



Capacitive branch 
current | c 

_ E c 


= 0.0154 ampere 



tan Q 




= 2.58 


which from 
trigonometric table 


68.8° CURRENT 
LAGGING 


We now know that Z - 831 ohms; Izl = 0.0144 ampere (14. 4 ma) while Iq = 
0. 0154 ampere (15. 4 ma). The phase angle between the inductive branch cur¬ 
rent Izl and its voltage El is 68. 8°. 
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Line Current 

To determine the line current It in the practical parallel resonant circuit, we 
must resort to trigonometric means and use vectors. If we show the answers 
derived on the preceding page in a vector presentation, the voltages E = El == 
Ec form the reference vector OA. Its length is arbitrary. Then we position 
the capacitive branch current vector; OB = 15.5 ma, 90° ahead of the refer¬ 
ence voltage vector. The length of the capacitive current vector conforms 
with whatever scale is decided upon. In this case, it is 1/8 inch = 1 ma. The 
same scale is used for all currents, thereby permitting direct reading of 
current values from the dimensions of the lines. Using a protractor, we 
locate the inductive branch current Izl vector; OC = 14.4 ma, at 68. 8° be¬ 
hind the voltage vector. This completes one portion of the branch. Because 
of the difference in the phase relationships between Ic and Ec, and Izl and 
El, we cannot subtract Izl from lc and assume that the arithmetical differ¬ 
ence is equal to the line current. To establish the line current, we must lay 
down two additional sides — side CD equal and parallel to vector OB, and side 
BD equal and parallel to vector OC. Now, the diagonal OD represents the 
line current. By measuring its length, vector OD equals 5. 7 ma. 




VECTOR OD = 5.7 MA, HENCE THE LINE 
CURRENT l t = 5J MA, AND LEADS THE 
D APPLIED VOLTAGE E BY 15.4° 

= 15.4° 

---*A E = E, = E r | 


SCALE * i * I MA 
o 





R =300 3 

IN ANALYZING R-L BRANCH , IT MUST 
BE TREATED AS A SERIES CIRCUIT 
U * - 0. 0144 AMPERES 


'A 


Vector OD is located above the reference voltage vector OA; therefore, If 

lea^ applied voltage E by angle AOD. Using a protractor, we find it to be 
15. 4 . 
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Effects of L and C at Different Frequencies 

To aid in understanding the action of the filter circuits, it is best to review 
some of the effects of C and L at different frequencies. The diagrams show 
the effect of series-connected small and large values of inductance and ca- 
pacitaace on low-, medium-, and high-frequency voltages* 
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The higher the frequency of the applied voltage for any given value of L, the 
larger will he the voltage drop across L; hence, the less the signal voltage 
available at the output. The higher the frequency for any given value of C, 
the less will be the voltage drop across C and the higher the available signal 
voltage at the output. 

L and C are used in various ways in different kinds of filters. Sometimes 
they form resonant circuits; sometimes they form networks which will pass 
a wide band of frequencies and reject others, or reject a wide hand of xtb- 
quencies and pass others. Examples' appear on the following pages, with 
more detailed discussions in subsequent volumes dealing with receivers and 
transmitters. 
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Low-Pass and High-Pass Filters 

A filter circuit that passes all the low frequencies below a particular fre¬ 
quency, and rejects all higher frequencies, is called a low-pass filter. A 
filter circuit that passes all the high frequencies above a particular fre¬ 
quency and rejects the lower frequencies is called a high-pass filter. 

The simplest form of low-pass filter is an inductor in series with the line as 
in A, or a capacitor connected in parallel with the line as in B. The inductor 
presents a low Xl at the low frequencies but a high Xl at the high frequen¬ 
cies. The capacitor presents a high Xq at the low frequencies and progres¬ 
sively less X£ as the frequency increases.,' When L and C are combined, 
they form a low-pass filter as shown in C, with their performance curve 
shown in D. The low reactance of L at low frequencies provides an easy path 
for the signal. At the same time, the shunt capacitance presents a high im¬ 
pedance to the low-frequency signal currents; therefore, very little is lost 
across C. At high frequencies, the high reactance of L presents increasing 
opposition to the flow of signal currents. At the same time, the progressive¬ 
ly decreasing reactance of C at high frequencies offers an easy bypass path 
for the currents. 


simplest low-pass filters 


PERFORMANCE OF LOW-PASS FILTER 


_nnnnr\. 







simplest high-pass filters 


Frequency Increase 


PERFORMANCE OF HIGH-PASS FILTER 
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The simplest form of high-pass filter would be either C in series with the 
line (as in E) or an inductor across the line (as in F). When combined (G), 
the high reactance of C at low frequencies offers high opposition to their 
path. The low reactance of L at low frequencies will effectively bypass 
them. At high frequencies, the reactance of C is low, and it readily passes 
these signal currents. On the other hand, the increasing reactance with in¬ 
creasing frequency of L minimizes signal-current bypass through the coil. 
The net result is to pass all the higher frequencies readily to the load, but to 
reject the lower frequencies (H). 
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Bandpass and Band-Reject Filters 


Simplest BANDPASS Filters 



Bandpass filters permit passage of a narrow band of frequencies while ^re¬ 
jecting all other undesired frequencies- The simplest form of bandpass filter 
would be a series resonant circuit in the line as shown in A. Another simple 
bandpass filter using a parallel resonant circuit across the line is shown in 
B. Combining the two as in C provides a more effective bandpass filter. 
The series resonant circuit offers low impedance and readily passes the de¬ 
sired frequencies, while offering high impedance and blocking undesired fre¬ 
quencies. The parallel resonant circuit offers high impedance to the desire 
band of frequencies, preventing any bypass action; the undesired frequencies 
find the parallel resonant circuit a low-impedance path and are effectively 
bypassed through it. The characteristic curve of a bandpass fil er 
in D. 

Band-reject niters are used to block the passage ol a ^row b*md ol ire- 
quencies while passing all other frequencies. The s mp . in a 
reject filter would be a parallel resonant circuit id t e the is 

simple band-reject filter using a series resonant circ^acr^s^e^^ 
shown in F. Combining the two as in G provides an effective tend[reject 
filter. The parallel resonant circuit offers high impedance to ^ eesired 
band if frequencies to be rejected, while offering a iow-impe^nce patt toaU 
other frequencies. The series resonant circuit ^ross the^line o^ahn* 

impedance bypass path to the 'band n cies The characteristics 

ing a high-impedance path to all other freq 
curve of a band-reject filter is shown in H. 
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A-C METERS 


Characteristics and Operation 

The D’Arsonval moving-coil meter used for measuring voltages and currents 
in Volume I is basically a d-c meter. If we apply a-c to it, one half-wave 
tries to make it read in the normal way; the other half-wave tries to make it 
read backward. As the meter pointer does not have time to move back and 
forth so rapidly, it either stands still or vibrates rapidly around zero. How¬ 
ever, the D'Arsonval movement can be used to measure a-c if we first 
change the a-c to d-c. This can be done through the use of rectifiers or 
diodes. These are electrical devices that have a special characteristic — 
they permit current to flow through them in one direction (low resistance), 
but not in the other (high resistance). While many kinds of rectifiers can be 
used, a-c ammeters and voltmeters most often use the copper-oxide recti¬ 
fier. Adding a rectifier circuit to the D’Arsonval movement gives us an a-c 
meter. 



Copper-oxide rectifiers generally provide good rectification for a-c up to 
about 20,000 cycles. They are constructed of a series of copper discs 
clamped together flat in a stack. On one side of each disc is a coating of 
copper oxide which forms a layer of this material between adjacent discs. 
Washers made of lead are clamped against each oxide surface to improve the 
contact, and the complete assembly is held together by an insulated bolt run¬ 
ning through the center. Two types of rectifier circuits are used in meters 
to a great extent — the half-wave and full-wave types. 
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Characteristics and Operation (Cont’d) 

In the half-wave type (which uses two rectifiers), one half- 
through one rectifier, while the other half goes through the meter. Th 
meter pointer will not have time to follow the fluctuations, so it will average 
out the current that flows through it. 

During one half-wave, no current flows through the meter, while during the 
other half-wave, it follows half a sine wave in form The averag e of talf a 
sine wave is 0. 637 of peak value. However, during half the time, no’ 
goes through the meter; therefore, the average over the whole;*iMwillbe 
half of 0.637 or 0. 3185. (If an ordinary d-c meter movement is used in this 
circuit to measure an alternating voltage, 1-volt peak 2 P 

peak - voltage will give a reading of only 0.3185 volt.) ... . 

bridge-type rectifier, the meter gets both halves of the wave ^t will read 
0.637 of the peak voltage if a regular d-c meter is used. To Provide pract 
cal a-c voltage scales, multiplier resistors must be used in series with the 
meter movement and the rectifier, with appropriate shunts connected across 
the meter for current measurements. • 

The electrodynamometer-type wattmeter discussed in Volume I is equally 
useful for the measurement of a-c power. Making use of the voltage across 
a circuit as well as the current flow through it, this type wattmeter *6 
for measuring the actual or true power in an a-c circuit. Siittje 
the moving coil is proportional to the applied power, the ’ dosi^^4^phase 
angle between the current and voltage, is automatically tak@5Hmb considera¬ 
tion. > ' 


HALF-WAVE RECTIFIER METER OPERATION 



FULL-WAVE RECTIFIER METER OPERATION 
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THE OSCILLOSCOPE 


Measuring Waveforms 

Waveforms can actually be examined by means of an instrument called the 
"oscilloscope." It uses a special tube in which a beam, or "pencil" of elec¬ 
trons, is focused to a point on a fluorescent screen that glows with the impact 
of the electrons. Two pairs of deflecting plates bend the beam in accordance 
with the voltages applied to them. 

Applying diff erent voltages to the plates at the sides of the beam will move 
the spot formed on the fluorescent screen sideways, and voltages applied to 
the upper and lower plates will deflect the beam up or down. If different 
fluctu atin g voltages are applied to both pairs of plates, the spot will trace a 
pattern on the screen representing the combined effect of the two voltage 
fluctuations. 


Cathode Rtf Oscilloscope 


A voltage applied 
on these plates 
causes the 
spot to move 



A voltage applied 
on these plates 
causes the 
spot to move 
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WAVEFORM TO BE VIEWED 
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RIGHT RIGHT 
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LEFT LEFT 


Sawtooth wave applied to horizontal 
|—* plates makes spot travel steadily from 

left to right, then fly back to start agqin. 


If the fluctuation applied to the horizontal plates follows a "sawtooth" wave¬ 
form, the spot will move steadily from left to right across the screen, and 
then rapidly return to its starting point. By using this waveform as a "time- 
base, " in this way, the voltage applied to the vertical plates traces its own 
waveform. In this way, we can view electrical waveshapes and, by use of a 
scale with the scope, be able to measure actual values of voltages in circuits 
under examination. 



SUMMARY 


2-133 


In a parallel resonant circuit, the branch currents cancel, the line current is 
a mini mum, impedance is a maximum, and the phase angle is 0 . 

In the parallel L-C circuit, at frequencies above resonance, Xl is greater 
thqr> Xc> Ic Is greater than Il> and the circuit acts capacitively; at fre¬ 
quencies below resonance, Xc is greater than Xl, IxJTsgreater than Ic> 

and the circuit acts inductively. /T 

The Q of a parallel resonant circuit is the ratio of the current in the tank (II 

or Ic) to the current in the line. 

A parallel circuit is resonant if Xl = Xc ancl *L ~ *C* , ... 

The parallel resonant circuit may be used as a bandpass or band-rejection 

circuit. 

In a par all el L-C circuit, the branch currents are 180° out of phase and can 

be subtracted directly: It = IL - *C* , .. . _. „ .. 

The current in either branch of a parallel L-C circuit may be greater than 


til© line current, 

A tqnV circuit can be used to simulate the properties of either a capacitor or 

an inductor. _ 

In a parallel L-C circuit, the closer Xl and Xc are to equality, the higher 
the circuit impedance and the. lower the line current It- 
In the parallel resonant circuit, the circulating current is the same every¬ 
where in the L and in the C circuit. . 

Circulating current in a parallel resonant L-C circuit is an interchange oi 
energy between the inductance and the capacitance. 

The higher the Q of a parallel resonant L—C circuit, the narrower »fh8 


pass 


Bandpass filters are used to permit the passage Of a 


___ . 

cies while rejecting all other unde^Ired freqhenq^si :;:i fliyftft*JP®l^dt filters 
are used to block ftis passage of a na||^ band of frequencies while 

passing all other frequencies. 

A-C meters use the same D'Arsonval movement as is used in d-c meters, 
except that a rectifier circuit is added to convert a-c to d-c. 

The most commonly used rectifier in a-c ammeters and voltmeters is the 
copper-oxide rectifier, which provides rectification up to about 20 kc. 


REVIEW QUESTIONS 

1. What is a parallel resonant circuit? 

2. Give the conditions present in a parallel resonant circuit. 

3. Describe the circulating current in a parallel resonant L-C circuit. 

4. What is the formula for the impedance of a parallel resonant circuit? 1 

5. What is a tank circuit and why is it so named? 

6. How does a parallel L-C circuit act at frequencies above and below the 

resonant frequency 1 ? Why? . 

7. In a parallel resonant circuit, what relationship exists among the branch 

currents, the line current, and the impedance ? ■ . 

8. What is the nature of the impedance of the tank circuit at resonance? 

9. In a parallel L-C circuit, what is the phase relationship between the 
branch currents? 

10. Define bandpass and band-rejection filter circuits. 

11. Basically, how do a-c meters differ from d-c meters? 

12. What two types of rectifier circuits are principally used in meters? 



NATURAL TRIGONOMETRIC FUNCTIONS 


Angle 

Sine 

Cosine 

Tangent 

0° 

0.000 

1.000 

0.000 

1° 

.018 

1.000 

.018 

2° 

.035 

0.999 

.035 

3° 

.052 

.999 

.052 

4° 

.070 

.998 

.070 

5° 

.087 

.996 

.088 

6° 

.105 

.995 

.105 

r^O 

.122 

.993 

.123 

8° 

.139 

.990 

.141 

9° 

.156 

.988 

.158 

10° 

.174 

.985 

.176 

11° 

.191 

.982 

.194 

12° 

.208 

.978 

.213 

13° 

.225 

.974 

.231 

14° 

.242 

.970 

.249 

15° 

.259 

.966 

.268 

16° 

.276 

.961 

.287 

17° 

.292 

.956 

.306 

18° 

.309 

.951 

.325 

19° 

.326 

.946 

.344 

20° 

• * 3 4 2 

.940 

.364 



Angle 

46° 

47° 

48° 

49° 

50° 

51° 

52° 

53° 

54° 

55° 

56° 

57° 

58° 

59° 

60° 


26° 

27° 

28° 

29° 

30° 

31° 

32° 

33° 

34° 

35° 

36° 

37° 

38° 

39° 

40° 

41° 

42° 

43° 

44° 

45° 


.438 

.454 

.470 

.485 

.500 

.515 

.530 

.545 

.559 

.574 

.588 

.602 

.616 

.629 

.643 

.656 

.669 

.682 

.695 

.707 


.899 

.891 

.883 

.875 

.866 

.857 

.848 

.839 

.829 

.819 

.809 

.799 

.788 

.777 

.766 

.755 

.743 

.731 

.719 

.707 


.488 

.510 

.532 

.554 

.577 

.601 

.625 

.649 

.675 

.700 

.727 

.754 

.781 

.810 

.839 

.869 

.900 

.933 

.966 

.000 


71° 

72° 

73° 

74° 

75° 

76° 

77° 

78° 

79° 

80° 

81° 

82° 

83° 

84° 

85° 

86 ° 

87° 

88 ° 

89° 

90° 


Sine 

.719 

.731 

.743 

.755 

.766 

.777 

.788 

.799 

.809 

.819 

.829 

.839 

.848 

.857 

.866 

.875 

.883 

.891 

.899 

.906 


.914 
.921 
Q27 

£wO/f 

.940 
.946 


.951 

.956 

.961 

.966 

.970 

.974 

.978 

.982 

.985 

.988 

.990 

.993 

.995 

.996 

.998 

.999 

.999 

1.000 

1.000 


Cosine 

Tangent 

.695 

1.036 

.682 

1.072 

.669 

1.111 

.656 

1.150 

.643 

1.192 

.629 

1.235 

.616 

1.280 

.602 

1.327 

.588 

1.376 

.574 

1.428 

.559 

1.483 

.545 

1.540 

.530 

1.600 

.515 

1.664 

.500 

1.732 

.485 

1.804 

.470 

1.881 

.454 

1.963 

.438 

2.050 

.423 

2.145 

.407 

2.246 

.391 

2.356 

.375 

2.475 

.358 

2.605 

.342 

2.747 

.326 

2.904 

.309 

3.078 

.292 

3.271 

.276 

3.487 

.259 

3.732 

.242 

4.011 

.225 

4.331 

.208 

4.705 

.191 

5.145 

.174 

5.671 

.156 

6.314 

.139 

7.115 

.122 

8.144 

.105 

9.514 

.087 

11.43 

.070 

14.30 

.052 

19.08 

.035 

28.64 

.018 

57,29 

.000 

oo 



GLOSSARY 


Alternating Current (a-c): Electric current which moves first in one direction for a fixed period of time 
and then in the opposite direction for the same period of time. Ac changes in value continuously 
and reverses direction at regular intervals. 

Ampere-Turns: The unit of magnetomotive force. Equal to the number of amperes of current flowing in 
a winding, multiplied by the number of turns in the winding. 

Autotransformer: A transformer in which part of the primary winding serves as the secondary or in 
which part of the secondary winding is also in the primary. It has good voltage regulation under 
varying load conditions. 

Bandpass Filter Circuit: A filter circuit which passes a desired narrow band of frequencies while re* 
jecting all other undesired frequencies. 

Bandwidth: The number of cycles that receive approximately the same amplification in ananjpIffferT 

Band-Rejection Filter Circuit: A filter circuit which rejects a desired narrow Jbarffcf of frequencies 
while passing all other desired frequencies. ' Vjjjp * f * < 

Capacitance (C): That property pf an elecfric circuit Which tmndji tp appal*' tir change in voltage. 

Capacitive Reactance (X c ):%The opposition ofitffd hyAiT^wdhhhce to alternating current. Measured 
in ohms. X c = l/(2fljte).. ’ 

Capacitor: Any two conductors Separated by a dielectric. 

Copper-Oxide Rectifier: A rectifier made up of discs of copper, coated on one side with cuprous oxide. 
Allows current flow in one direction and opposes current flow in the other direction. 

Counter EMF: A voltage produced by a changing current and which at every instant opposes the change 
of current that produces the voltage. 

Dielectric: Any insulating or nonconducting material. Air, mica, glass, paper, oil, and rubber are 
common dielectrics. 

Dielectric Constant: The ratio of the ability of a given material to establish electric lines of force 
between two conductors, as compared to dry air. 

Distributed Capacitance: Stray or random capacitance that exists between connecting wires, between 
components located physically near to each other, and between different parts of a given component, 

Eddy Currents: Small circulating currents (power losses) set up by the induced voltage in any conductor 
carrying alternating currents. 

Electrolytic Capacitor: A type of fixed capacitor which shows polarity, and is used principally in 
relatively low-frequency filter circuits at voltages up to 600 volts. 

Electromagnet: A coil of wire, usually wound, or a soft-iron core, which produces a strong magnetic 
field when current is sent through the coil. 

Farad: The unit of measurement of capacitance. One million microfarads (/iif) equals one farad. 

Frequency: The number of complete cycles per second that an alternating current undergoes. 

Galvanometer: A sensitive instrument used to measure small voltages and currents, 

Henry: The unit of measurement of inductance, A thousand millihenries (mb) equals one henry, A mil¬ 
lion microhenries (fib,) equals one henry. 

High-Pass Filter: A type of filter which offers little opposition to the passage of high frequencies, and 
high opposition to the passage of low frequencies. 
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Hysteresis Losses: Energy lost in the core of a transformer by the constant reversing of the alternating 
current. 


Impedance (Z): Opposition to the flow of alternating current that results from any combination of 
resistance, inductive reactance, and capacitive reactance, or any two of these factors. 

Induced EMF: A voltage produced when a current-carrying conductor is moved through a magnetic field 

and cuts across the lines of force, or when the magnetic field is moved across the conductor. 

Inductance (L): That property of an electric circuit or component which opposes any change in current. 

Inductive Reactance fX L )s The opposition offered by an inductance to alternating current. Measured 

in ohms. (X L = 2^rfL). 

Kirchhoff's Current Law: States that the sum of all the currents flowing to a point in a circuit must be 
equal to the sum of all the currents flowing away from that point. 

Kirchhoff's Voltage Law: The sum of all the voltage drops around a closed circuit is equal to the 
applied voltage. 

Left-Hand Rule for Motors: A means of showing the relative directions of magnetic field flux, current 
flow in a conductor, and motion of the conductor through the field. 

Low-Pass Filter: A type of filter that offers little opposition to the passage of low frequencies, and 

high opposition to the passage of high frequencies. 

Mutual Induction: Production of an alternating voltage that occurs when two coils are placed close to 
one another in such a manner that the magnetic flux set up by one coil links the turns of the 
other coil. 


Parallel-Resonant Circuit: A circuit in which an inductor and a capacitor are connected in parallel 
and have such values that at the resonant frequency the inductive reactance and the capacitive 
reactance are equal. Line current is at a minimum. 

Peak Voltage: The highest instantaneous voltage attained in a circuit in a given period of time. Equal 
to 1,414 times the rms value. 

jPeak~to-Peak Voltage: For any alternating waveform, the total potential difference between maximum 
* ; . voltage amplitudes of opposite polarities. 

0: * The tfmo difference between any point on a cycle and the beginning of that cycle. 


tfihe difference between any two cycles. 

with the resistance of the circuit. Equal to X t /R. 




>n$ of magnetic field flux, 
conductor. 

ge or current. Equal to 
value which produces the 


circuit. 


Resonant Frequi 

Right-Hand Rule for 

motion of a conductor through the tier* 

RMS ( Root-Mean-Square) Value: The effective value 

0.707 of maximum or peak value. Corresponds to the equivd 
same heating effect. 

Series-Resonant Circuit: A circuit in which an inductor and a capacitor are connected in series and 
have such values that at the resonant frequency the inductive reactance and the capacitive re¬ 
actance are equal* Current is at q maximum. 

Skin Effect: The name given to the tendency of high-frequency (r-f) currents to concentrate at the sur¬ 
face of a conductor. Caused by counter-emf's induced in the center of a conductor carrying' high- 
frequency currents which forces them to travel at the surface. 

Step-Down Transformer: One in which the voltage induced in the secondary is less than that applied 
to the primary. 

Step-Up Transformer: One in which the voltage induced in the secondary is greater than that applied 
to the primary. 

Tank Circuit: Any resonant circuit (usually applied to parallel circuits). 

Transformer: A device which by electromagnetic induction converts an a-c input voltage higher or 
lower than the input voltage. 

Turns Ratio: A comparison of the number of turns in the primary winding of a transformer to the 
number of turns in the secondary winding. 
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in an inductor, 2-38 
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in a parallel R-L circuit, 2-42 
instantaneous value, 2-14 
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Autotransformer, 2-56 
Average value, 2-15 


Back emf, 2-24 
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definition of, 2-60, 2-70 
unit of, 2-69 

Capacitive reactance, 2-80 
calculation of, 2-83 
Capacitor(s), 2-72, 2-73 
charging a, 2-61 
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electric field, 2-65 
electrolytic, 2-76 
fixed, 2-73 
in parallel, 2-78 
In series, 2-79 
phase shift in a, 2-68 
variable, 2-75 
Capacitor color code, 2-74 
Centertap, 2-54 
Charging current, 2-62 
Circle, analysis of, 2-2 
Circumference, 2-2 
Coefficient of coupling, 2-29 
Complex wave, 2-14 


Condenser, 2-60 
Copper losses, 2-55 
Core saturation, 2-27 
Cosine, 2-3 
Counter emf, 2-24 
Coupling, 2-28 
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band-reject, 2-129 
high-pass, 2-128 
low-pass, 2-128 
Frequency, 2-12 


Generating ac, 2-8 

Henry, 2-27 
Henry, Joseph, 2-27 
Hypotenuse, 2-3 
Hysteresis, 2-55 

Impedance: 

definition of, 2-35 
matching, 2-58 
R-C parallel circuit, 2-88 
R-C series circuit, 2-86 
R-L parallel circuit, 2-43 
R-L series circuit, 2-37 
series resonant circuit, 2-107 
solving problems, 2-36 
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Impedance matching, 2-58 
Inductance: 

definition of, 2-25 
flux linkages, 2-25 
mutual, 2-29 
parallel, 2-30 
self, 2-25 
series, 2-30 
the henry, 2-27 
Induction, self, 2-23 
mutual, 2-28 
Inductive circuit, 2-33 
Inductive reactance: 
definition of, 2-31 
problems, 2-32 
Instantaneous value, 2-14 
Iron-core transformer, 2-47 


Kirch Hoff's laws, 2-40 


Leakage current, 2-76 
Lenz, H. F. Emil, 2-24 
Lenz's law, 2-24 
Litz wire, 2-110 


Reference line, 2-1 1 
Resonance, 2-99, 2-106 
calculation of, 2-119 
Right triangle, 2-3 
Root mean square (RMS) value, 2-16 


Scalar quantity, 2-4 
Secondary, 2-28 
Self induction, 2-23 
Series capacitance, 2-79 
Series circuits: 

L-C, 2-97 
L-C-R, 2-10-3 
R-C, 2-84 
R-L, 2-39 

voltage and current in, 2-34 
resonant, 2-108 
resonant, L-C-R, 2-109 
summary of, 2-44 
Series inductance, 2-30* 

Sine wave, definition of, 2-13 
rate of change, 2-18 
Sinusoidal wave, 2-13 
Solenoid, 2-25 
Square wave, 2-14 


Mathematic fundamentals, 2-2 
■.Maximum value, 2-17 
Mutual Induction, 2-28 
inductance, 2-29 
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Ohm's law for 
Oscilloscope, 2-132 
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Parallel capacitance. 

Parallel circuits: 

L-C, 2-112 
L-C-R, 2-115 
"R-C, 2-87 
R-L, 2-41 

* resonant L-C, 2-121 
summary of, 2-44 
Parallel inductance, 2-30 
Parallelogram, 2-6 
Peak-to-peak, 2-14 
Peak value, 2-14 
Phase, definition of, 2-19 
Power factor, 2-91 
Power, in an a-c circuit, 2-90 
Powered-iron, 2-47 
Power transformers, 2-53 
Primary, 2-28 

Q, 2-110 


Radius, 2-2 
Rate of change, 2-18 
R-C circuit, 2-84, 2-86 
Reactance, capacitive, 
calculation of, 2-83 


Tangent, 2-3 
Temperature coefficient. 

Theta ( 0 ), 2-2, 2-3 

Time constant, R-L 2-92 
R-C, 2-94 

Time constant chart, universal, 2-96 
Transformer: 
action, 2-46 
air-core, 2-49 
applications of, 2-57 
ratisfarmo 2-56 
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. eddy currents, 2-55 . 

iron-core, ;::24|St- 

loaded secondary,. ||4t$ 
losses, 2-55 
multiwinding, 2-53 
power in a, 2-52 
step-down, 2-50 
step-up, 2-50 
tapped winding, 2-54 
turns ratio, 2-50 
unloaded secondary, 2-46 
Triangle, 2-3 

Trigonometry functions, table of, 2-134 
True power, 2-91 
Turns ratio, .2-51 

Vectors, 2-4, 2-5 
Vertex, 2-2 
Voltage: 

distribution, 2-40 
effective value, 2-17 
generation of, 2-8 
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